University of Arkansas, Fayetteville

ScholarWorks@UARK
Graduate Theses and Dissertations
5-2020

Development of Vs Profiles and Site Periods in the Mexico City
Basin
Landon Joel Woodfield
University of Arkansas, Fayetteville

Follow this and additional works at: https://scholarworks.uark.edu/etd
Part of the Civil Engineering Commons, Geophysics and Seismology Commons, Geotechnical
Engineering Commons, Hydrology Commons, and the Water Resource Management Commons

Citation
Woodfield, L. J. (2020). Development of Vs Profiles and Site Periods in the Mexico City Basin. Graduate
Theses and Dissertations Retrieved from https://scholarworks.uark.edu/etd/3590

This Thesis is brought to you for free and open access by ScholarWorks@UARK. It has been accepted for inclusion
in Graduate Theses and Dissertations by an authorized administrator of ScholarWorks@UARK. For more
information, please contact scholar@uark.edu.

Development of Vs Profiles and Site Periods in the Mexico City Basin

A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science in Civil Engineering

by

Landon Joel Woodfield
University of Arkansas
Bachelor of Science in Civil Engineering, 2018

May 2020
University of Arkansas

This thesis is approved for recommendation to the Graduate Council.

__________________________________
Clinton Wood, Ph.D.
Thesis Director

__________________________________
Michelle Barry, Ph.D.
Committee Member

__________________________________
Cameron Murray, Ph.D.
Committee Member

Abstract
This study presents dynamic site characterization measurements at 25 sites within the
Mexico City Basin. The primary focus of the testing was along the western edge of the Mexico
City Basin. At each site, active source Multi-channel Analysis of Surface Waves (MASW) arrays
and passive source Microtremor Array Measurements (MAM) L-arrays and circular arrays were
used to acquire dispersion data. Horizontal to Vertical Spectral Ratio (HVSR) data was collected
to determine site periods at each location. These experimental dispersion data and site periods
were fit using a joint inversion of Rayleigh and Love wave dispersion data and HVSR site period
to produce shear wave profiles for each site. It was determined that the shear wave velocity for
the lacustrine clay layers varies across the basin, generally getting softer toward the center of the
basin’s lakebeds. From the site periods, it was determined that the seismic zonation of Mexico
City should be reexamined in certain areas along the western edge and possibly updated due to
variation between the current seismic zonation and the measured sites in this study.
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Chapter 1: Introduction
As of this study, the 2017, moment magnitude (Mw) 7.1 Puebla-Mexico City earthquake
was the most recent in a long history of devastating earthquakes to hit Mexico City (Mayoral et
al. 2019). The city sits on ancient lakebeds of soft lacustrine clay which amplify earthquake
ground motions (Wood et al. 2019). During the 2017 earthquake, many buildings were damaged
or collapsed because ground motions were amplified by the lakebeds and basin structure,
particularly on the west side (Franke et al. 2019). The damaged buildings appeared to have
resonant frequencies correlating with the fundamental mode of the resonant frequency of the site
and the predominant frequency of the ground motions. These conditions are prime for double
resonance effects to amplify the ground motions thereby amplifying forces on structures.
Throughout the basin, research was needed regarding the distribution of ground conditions with
the basin and their contribution to the recorded ground motions during the 2017 earthquake.
In this study, dynamic site characterization measurements were performed at 25 sites on
the west side of the Mexico City Basin to estimate shear wave velocity profiles and site periods
for each location. At each site, Multi-channel Analysis of Surface Waves (MASW), Microtremor
Array Measurement (MAM), and Horizontal to Vertical Spectral Ratio (HVSR) testing was
conducted. Linear MASW arrays, MAM L-arrays and MAM circular arrays were used at each
site. Surface wave measurements from each array were used to produce Rayleigh wave
dispersion curves for each site along with Love wave dispersion curves from the MAM circular
array data. HVSR measurements at each site were used to estimate the natural periods at each
site. The dispersion curves and site periods were used in a joint inversion scheme to produce
shear wave velocity (Vs) profiles for each testing location. These Vs profiles are used to closely
examine the depth and stiffness of lacustrine clay, the main layer affecting seismic effects, at
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various sites. The depth and stiffness of the clay and other layers were used to find the
impedance contrast governing the site period at each location. The developed site periods from
HVSR measurements are compared to the seismic zonation map of Mexico City to understand
potential errors or changes in the seismic zonation map.
This thesis is divided into five chapters. Chapter 1 is the introduction. Chapter 2 is a
literature review providing information on surface wave testing methods including MASW and
MAM methods, and HVSR methods as well as providing background information about Mexico
City and its history, geology, and studies about the basin. Chapter 3 describes the methods and
equipment used to collect dispersion data, and site periods along with develop Vs profiles for
each site. Chapter 4 presents each testing site layout and examines the Vs profiles for each site as
well as discussing overall results. Chapter 5 presents conclusions and recommends future work.
In addition to the five chapters, an appendix is included and provides site layouts, raw dispersion
curves, HVSR curves and fits, processed dispersion curves and fits, and Vs profiles.
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Chapter 2: Literature Review
2.1 Introduction
The purpose of this literature review is to provide background information on dynamic
site characterization method used in this study and dynamic site characterization information
specific to the Mexico City Basin. The testing methods discussed in this chapter include multichannel analysis of surface waves (MASW), microtremor array measurement (MAM) methods,
and horizontal/vertical spectral ratio (HVSR) methods along with a generic discussion of stress
waves. Background information on the geology and history of the Mexico City Basin as it
applies to the dynamic soil properties of the basin is discussed in detail.
2.2 Shear Wave Velocity Background
Seismic stress waves are generally broken into two categories: body waves and surface
waves. Body waves travel through the interior of a material (such as the Earth) and are generally
broken into two categories: compression waves and shear waves. Compression waves are
compression elastic waves with particle motion parallel with the direction of propagation. Shear
waves are distortional elastic stress waves with particle motion perpendicular to the direction of
propagation. The shear wave velocity of the material is an indicator of stiffness and is useful in
predicting how the material will respond to distortional or shear loading. The shear modulus of
the material can be determined using the equation:
G = ρVS2

(2.1)

Where G = shear modulus, ρ = mass density, and VS = Shear Wave Velocity. Using this
relationship, the shear modulus profile of a site is crucial when attempting to predict the severity
of ground motions and shaking at specific sites, which is often termed site effects. The shear
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modulus profile can be used to predict ground motion amplifications during earthquakes and the
potential for liquefaction triggering. Because of the usefulness of shear wave velocities, many
methods and techniques have been developed in order to measure or estimate shear wave
velocity.
While body waves travel through the interior of the Earth, surface waves are generated by
the interaction of body waves with a free boundary (i.e., the surface of the Earth). Surface waves
travel only along the surface of the Earth. Surface waves can be separated into two main types:
Rayleigh waves and Love waves. Rayleigh waves have an retrograde elliptical particle motion in
the vertical plane containing the wave propagation direction (Figure 2.1a) while Love waves
cause particle motion transverse to the propagation direction (Figure 2.1b). With Rayleigh
waves, the amplitude of motion decays exponentially with depth, becoming negligible within
about one wavelength (λ) from the surface in uniform profiles. The velocity of Rayleigh waves
through materials depends mainly on the shear wave velocity, but also varies based on the
compression wave velocity and the mass density of the material. Love waves only exist in
heterogeneous media. Love wave velocity depends only on VS and mass density of the material.

Figure 2.1 Polarization of the fundamental mode of the (a) Rayleigh and (b) Love
waves. (Foti 2018)
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Surface waves are dispersive waves meaning that different frequency waves propagate at
different velocities in a layered half space. Lower frequency (longer wavelength) waves
penetrate deeper below the surface and higher frequencies (shorter wavelengths) penetrate
shallower. This fact is used to measure the surface wave velocity at different depths below the
surface using different frequency surface waves. The wavelength associated with each frequency
and velocity pair is calculated by the following equation for Rayleigh waves:
VR = f • λ R

(2.2)

Where VR is the Rayleigh phase velocity, f is the propagation frequency, and λR is the
wavelength.
2.3 Surface Wave Methods
Early methods used to measure shear wave velocity in the field included downhole and
crosshole methods. Both of these methods required drilling a borehole in order to directly
measure in-situ shear wave velocities by measuring the time it takes for the shear waves to travel
from a source to the sensor’s known position in the borehole. Since both of these methods
directly measure shear wave velocity, they are considered the most accurate methods to produce
VS profiles. Because these method require a borehole, they are also cost prohibitive on many
projects. Therefore, non-invasive surface wave methods were developed which utilize the
dispersion nature of surface waves to estimate the shear wave velocity structure of a site. These
surface wave methods have become common tool for dynamic site characterization as they do
not require boreholes. Surface wave methods are often less expensive and faster than downhole
and crosshole techniques to produce sub-surface VS profiles, but involve more assumptions and
advanced analysis procedures. Despite these difficulties, some surface wave methods have been
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proven to provide accurate Vs profiles under most circumstances. Surface wave methods used in
this thesis are discussed in detail below.
2.4 Multi-channel Analysis of Surface Waves (MASW)
The Multi-channel Analysis of Surface Waves (MASW) method uses sensors placed
directly on the ground surface. These sensors record the vertical or horizontal motion produced
by Rayleigh or Love wave propagation, respectively. For MASW, sensors are set along a straight
line at evenly-spaced distances from the wave source (Figure 2.2). In MASW testing, the source
may be a sledge hammer, a weight drop, or a Vibroseis. The maximum depth of investigation for
active MASW testing is usually in the range of 10-30m, but this varies based on the sites and
types of active sources used. (Park et al. 2007)

Figure 2.2 Example of Active MASW Setup (Modified from Foti et al. 2014)
MASW methods can be effective with as few as 12 low frequency (<10Hz) receivers,
called geophones, but most arrays use either 24 or 48 geophones (Park et al. 1999). Each channel
is arranged according to each geophone’s distance from the source and records for a set time
period in order to record from slightly before wave initiation to at least the time that the wave
passes the last geophone (Figure 2.3). This required time depends on how long the array is, the
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source offset distance from first geophone, and the stiffness of the subsurface, and usually varies
from 1 to 2 seconds. This recording is then processed into a dispersion image, showing the phase
velocity against the propagation frequency (Figures 2.4 and 2.5). The dispersion images can be
created using a number of different wavefield transformation methods including FrequencyWavenumber, Frequency Slowness, Phase Shift (Park 1999) and frequency domain beamformer
(FDBF) (Zywicki 1999). From the dispersion images, the peak spectral amplitude is picked from
the image to develop the site dispersion curve. This dispersion curve is then modeled using an
inversion process, which will be discussed in more detail later, to develop the shear wave
velocity profile of the site.

Figure 2.3 Example of Recorded MASW Data
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Figure 2.4 Example of MASW dispersion image

a)

b)

Figure 2.5 Example of combined MASW source offset dispersion curves both
(a) untrimmed and (b) trimmed
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2.5 Microtremor Array Measurement (MAM)
Microtremor array measurements (MAM) use ambient surface wave vibrations to
develop dispersion data instead of actively generating surface wave data using a source. This
ambient surface wave data is “background noise” generated by man-made activities such as
highways or natural activities such as wind. MAM methods use 2D arrays of geophones or
seismometers to measure surface wave propagation. MAM arrays use between 3 and 50 sensors
and have a variety of shapes including L-arrays, triangle arrays, and circular arrays (Figure 2.6).
MAM arrays also have a wide range of sizes ranging from 10m up to 1km or wider.
MAM arrays are generally used to collect lower frequency dispersion data than active
MASW testing. As mentioned previously, lower frequency dispersion data is used to produce
deeper Vs data. Several techniques have been developed to process MAM data, the most
prevalent being the frequency-domain beamforming technique (Lacoss et al. 1969) and the
spatial autocorrelation (Aki 1957) technique. Additional techniques include the conventional
frequency-wavenumber (f-k) method (Kelly 1967 and Harjes and Henger 1973), the high
resolution frequency-wavenumber (HRFK) method (Capon 1969), and the modified spatial

Figure 2.6 Example of Passive MAM Circular Array (Modified from Foti 2015)
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autocorrelation (MSPAC) method (Bettig et al. 2001). Processed data from MAM arrays can be
plotted and trimmed similar to MASW processing (Figure 2.7).

Figure 2.7 Example of trimmed MAM data from an L-array with 2D wavenumber
spectrum for 3.0 Hz

2.6 Horizontal to Vertical Spectral Ratio (HVSR)
The Horizontal to Vertical Spectral Ratio (HVSR) method calculates the ratio of
horizontal to vertical Fourier spectra derived from microtremor recordings (Molnar et al. 2018).
The single station microtremor approach was developed by Nogoshi and Igarashi (1971) and was
made popular by Nakamura (1989). Typically these recordings are made using three-component
sensors, the two horizontal components normally being North-South and East-West components,
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and one being a vertical component. To get a single horizontal component to show the maximum
single direction magnitude, the squared average of North-South and East-West components is
calculated. This horizontal component is then divided by the vertical component to get the
desired ratio. By plotting the H/V ratio against frequency, the resonant frequency of a site can be
determined as the frequency of highest H/V ratio (Figure 2.8). The frequency of this peak is
generally governed by the depth to the first impedance layer. The inverse of the resonant
frequency is the site period, which can be used to determine what buildings are most at risk at
that site during earthquakes. Because of this, many programs, such as the SESAME European
research project, have used HVSR analysis for seismic site characterization (SESAME 2004).

Figure 2.8 Example of HVSR data with H/V Peak at 0.48 Hz
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2.7 Mexico City Background
Mexico City was constructed as Tenochtitlan, the capital city of the Aztec civilization, in
the 1300s on the marshes of Lake Texcoco. It was the largest city in the Americas preChristopher Columbus. After the Spanish invasion in the 1500s, it was renamed as the city of
Mexico. The Spanish decided to drain Lake Texcoco and nearby Xochimilco-Chalco Lake in the
1600s. Modern day Mexico City lies on the lakebeds of these drained waters (Figure 2.9).
The lakebeds are massive lacustrine clay deposits, meaning that the sediments carried
from the surrounding mountains settled extremely slowly in the lakes, due to a lack of water
flow, causing a soft, loose deposit. These clay deposits are among the softest soils on Earth, with
shear wave velocities of less than 100m/s. The lakebed clay generally ranges from near the
ground surface down to relatively shallow depths of less than 50m with a maximum depth of
about 60-70m in the center of the north lakebed. The depth of transition from this extremely soft
soil to the stiffer soil below is the main impedance contrast governing site periods. Given the
depth of lacustrine clay and its shear wave velocity we can estimate the site period using the
following equation:
TN = 4H / VS,avg

(2.3)

Where TN is the natural period of the site, H is the height of the soil layer above the impedance
contrast, and VS,avg is the average shear wave velocity of the same material. The Mexico City
building code developed a seismic zonation based on site periods throughout the Mexico City
Basin (RCDF 2004) (Figure 2.10). This zonation, unsurprisingly, almost exactly follows the
lakebed shapes and depths, and accounts for changes in depth of the clay deposits when moving
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Figure 2.9 Map of Modern Day Mexico City with Overlay of Former Lakes
(Modified from Mayoral et al. 2019)
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Volcano

Figure 2.10 Seismic zonation map of Mexico City with note of volcano between
north and south lakebeds (Background from Google Earth)
from the hill zones to the transition zone to the center of the lakebeds (GEER 2018). In general,
zones I and II have site periods less than 1 second, while Zone IIIa has site periods between 1.0
and 1.5 seconds, Zone IIIb has site periods between 1.5 and 2.5 seconds, Zone IIIc has site
periods between 2.5 and 3.5 seconds, and Zone IIId has site periods greater than 3.5 seconds
(Wood et al. 2019).
Due to the soft clay deposits, the Mexico City Basin is very susceptible to earthquakes.
This problem has been very evident in the city’s history of major earthquakes, with one of the
most well-known quakes being the September 19, 1985, Mw 8.0 earthquake (Anderson 1986,
Çelebi 1987, Seed et al. 1988). The ’85 earthquake occurred about 350km away from Mexico
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City, but because of the large magnitude, long predominant wave periods of about 2.0s (Mayoral
et al. 2019), and the soft lakebeds amplifying the ground motion, a large amount of damage still
occurred. As of this study, the most recent in the city’s history of significant earthquakes
occurred on September 19, 2017 when a Mw 7.1 earthquake hit the central region of Mexico.
The 2017 earthquake occurred approximately 60km southwest of Puebla, Mexico, and 120km
southeast of Mexico City, Mexico. This quake had a smaller magnitude than the ’85 earthquake
but occurred closer to Mexico City. In this quake, major wave periods occurred on a wide
spectrum, with the majority being between about 0.15 and 1.0 seconds.
The period of a building can be estimated as the number of stories divided by 10 (Kramer
1996). If earthquake motions have a similar period to the buildings being affected, the motions
and corresponding forces can be amplified. If the site period is also at or near this same period,
motions and forced can be amplified more so, causing the buildings built there to be particularly
at risk during earthquakes, due to possible double resonance (Figure 2.11). Unfortunately, during
the 2017 Puebla-Mexico City earthquake, many buildings in the city collapsed, and many more
were damaged, some in part to this phenomenon. Additionally, as the 2017 earthquake occurred
to the southeast of the city, waves travelled through the soft soil of the south lakebed and
essentially were directed through the west and funneled around the volcano shown in Figure 2.9.
When waves struck the western edge of the basin they underwent constructive interference
resulting in higher damage to the buildings in this area. This is often called edge effects. As the
waves travel through a gently sloping layer such as the clay lakebeds, some motions can be
amplified as the layer transitions to shallower depths (GEER 2018).
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Figure 2.11 Potential Double Resonance for 1985 and 2017 Earthquakes (Modified
from Mayoral 2019)

Figure 2.12 Collapsed Buildings in Mexico City from the 2017 Puebla-Mexico City
Earthquake (GEER 2018)
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As shown in Figures 2.12 and 2.13, many buildings along the western edge of the
lakebeds collapsed or were damaged during the 2017 earthquake, many due in part to double
resonance, or edge effects. Rock ground motions (motions with theoretically no site
amplification) in the western half of the city during the 2017 earthquake appeared to resonate in
Seismic Zones II and IIIb, causing large horizontal accelerations at periods between 0.8 and 1.5
seconds, resulting in significant damage to buildings and structures between five and eight
stories tall (GEER 2018).

Figure 2.13 High Risk and Uncertain Security Buildings in Mexico City from the
2017 Puebla-Mexico City Earthquake (GEER 2018)

Due to the strong correlation between damage during earthquakes to the site period in the
areas of damage, multiple studies have made site period measurements throughout the Mexico
17

City Basin. Lermo and Chavez-Garcia (1994) were two of the first researchers to make site
period measurements throughout the basin and create a site period map of the basin. Later Gurler
et al. (2000) confirmed site period work by Lermo and Chavez-Garcia (1994) by measuring site
period along 5 transects within the city indicating similar site periods. In 2004, the Federal
Mexico building code formalized the zonation of the basin based on various site period
measurements throughout the city. This seismic zonation is shown in Figures 2.12 and 2.13.
Later in 2013, Arroyo et al. made site period measurements in the Mexico City Basin and
compared these measurements with previous measurements and correlations with site period
from drilling logs to evaluate changes to the natural period of the soil deposits due to water
withdrawal from the basin. They showed that parts of the basin are consolidating and stiffing
over time causing a shift to shorter natural periods over time. Finally, work by Wood et al.
(2019), compared site periods measured during and following the 2017 earthquakes to site period
maps by Lermo and Chavez-Garcia (1994), NTC (2004), and Arroyo et al. (2013). They showed
that the map by NTC (2004) provided the best estimate of site period within the basin, but it still
had errors exceeding 10-20%.
In addition to site period measurements shear wave velocity measurements have been
made in different parts of the basin. Some of the first published measurements were made after
the 1985 earthquake to understand the relationship between soil conditions and earthquake
ground motions (Seed et al. 1988). Seed et al. (1988) showed the basin contained a very soft clay
layer with Vs between 40-90m/s. Later studies by Hayashi et al. (2011) and Mayoral et al. (2008)
confirmed the presents of the soft clay layer throughout the northern lake with Vs between 50100m/s. Several authors also showed the stiffness below the clay layers varies between sites,
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with Vs values differing from around 150m/s up to 600m/s below the clay layer (Hayashi et al.
2011, Mayoral et al. 2008, Mayoral et al. 2019, Wood et al. 2019).

Figure 2.14 Map of dominant site periods for Mexico City (Lermo and ChavezGarcia 1994).
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Figure 2.15 Map showing the areas of predicted site period change from 1950 to
2010 in the Mexico City Basin (Arroyo et al. 2013).
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Figure 2.16 Comparison of site periods from MHVSR and EHVSR to site period
contour maps published by Lermo and Chávez-Garcia 1994, NTC 2004, and Arroyo
et al. (2010 estimate) (from Wood et al. 2019).
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Chapter 3: Methods and Materials
3.1 Introduction
Dynamic site characterization was performed at 25 sites along the western edge of the
Mexico City Basin. The locations of these sites are shown in Figures 3.1 and 3.2 and tabulated in
Table 3.1. These sites were chosen due to the large amount of damage on the western edge of the
city from the September 19th, 2017 Mw 7.1 Puebla-Mexico City earthquake. In addition, this
area acts as a wave guide influencing the ground motion observed in other parts of the basin. The
majority of the sites were located in public parks or other public areas around the city. At each
site four different site characterization method were used: 1) Multi-channel Analysis of Surface
Waves (MASW), 2) Microtremor Array Measurements (MAM) using an L-array, 3) MAM using
a large circular array, and 4) horizontal-to-vertical spectral ratio (HVSR). An example of a site
layout in shown in Figure 3.3. Each site layout along with a ground picture at each site are
included in Appendix A. The equipment and methodology used to collect each data type is
discussed in this chapter along with the general processing steps for each method.
3.2 Multi-channel Analysis of Surface Waves (MASW)
Active source Multi-channel Analysis of Surface Wave (MASW) data was collected at
each site using an active sledgehammer source and a linear array of 24, 4.5Hz vertical
geophones. The geophones were arranged with a 2m uniform spacing making a total array length
of 46m (Figure 3.4). The MASW array size for each site is shown in Table 3.2. The geophones
used for testing were Geospace GS-11D, 4.5Hz geophones with 4000 Ohm coil resistance and
70% shunt damping. Geophones are housed in a PC-21 land case. Geophones were coupled to
the ground using either 7.5cm spikes on soft ground, or triangular metal base plates on hard
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surfaces (Figure 3.5). Geophones were attached to the refraction cable with KCL-4 connectors.
The refraction cable was connected to a Geometrics Geode seismograph to record each
geophones output. These Geode seismographs have 24 channels per unit. Geode specifications
include 24-bit, ultra-high resolution, 24kHz bandwidth (8 to 0.02ms sample rates), low distortion
(0.0005%), low noise (0.2uV), and high stacking accuracy (1/32 sample interval) (Geometrics
2017). A standard laptop computer is used to control the Geode with Geometrics Seismodule
Controller software to view and record geophone signals (Figure 3.6).

Figure 3.1 Map of the Mexico City Basin with Seismic Zonation and all 25 testing
sites shown as green pins (Background from Google Earth)
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Figure 3.2 Labeled Testing Site Locations along with Seismic Zonation.
(Background from Google Earth)

For each source location, Rayleigh waves were produced by vertical strikes using a 5kg
dead blow sledgehammer against either a plastic damping plate or directly onto pavement or
rock. Generally, source offsets of 5m, 10m, 20m, and 30m from the first geophone were used at
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Figure 3.3 Example of site layout (Google Earth)
each site. Multiple offsets were used to ensure near-field effects did not corrupt the data, allow
uncertainty to be estimated, and be certain of high quality data collection. At each source offset,
five vertical strikes from the sledgehammer were stacked to increase the signal-to-noise ratio of
the measured waveform. A 4ms sampling rate and a 4 second recording length were used to
record the waveforms and allow for the signal-to-noise ratio of the test to be evaluated.
The recorded active MASW data was processed using the frequency domain beamformer
(FDBF) method (Zywicki 1999) combined with the multiple source-offset technique for
identifying near-field contamination and quantifying dispersion uncertainty (Cox and Wood
2011). Dispersion data was generated for each source offset distance and the peak spectral
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Table 3.1 Coordinates of testing sites
Site Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Latitude (°N)
19.303931
19.294529
19.309202
19.330913
19.333584
19.341828
19.352357
19.302363
19.314396
19.305735
19.336769
19.343699
19.331476
19.314019
19.289901
19.323619
19.348499
19.356837
19.346991
19.373266
19.391330
19.378554
19.408969
19.389520
19.400533

Longitude (°E)
-99.129369
-99.133217
-99.116568
-99.126851
-99.142989
-99.134183
-99.142272
-99.105545
-99.109342
-99.116391
-99.126444
-99.124395
-99.112617
-99.126533
-99.142843
-99.151150
-99.182919
-99.150813
-99.159394
-99.155449
-99.143364
-99.179385
-99.108158
-99.177510
-99.149236

amplitude for each frequency was picked automatically in Matlab. The dispersion data from each
source offset was combined to form a composite dispersion curve (Figure 3.7). For the composite
dispersion curve, all visible near-field data were eliminated, and all additional data points outside
the clear trend were removed. Only the fundamental mode data was kept. To develop an
experimental dispersion curve, the remaining composite curves were divided into 50 frequency
bins evenly distributed on a log scale between 1Hz and 100Hz. For each bin, the mean phase
velocity and standard deviation were calculated to form a mean dispersion curve with
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uncertainty. These dispersion curves are shown in Appendix A and would be used as targets for
inversion.

Figure 3.4 Active source MASW array setup (Photo by author)

a)

b)

Figure 3.5 Geophones coupled to (a) soft ground and (b) hard surface (Photos by
author)
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Table 3.2 Dimensions of testing arrays for each testing site

Site
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

MASW Array
Length
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m
46m

MAM L-Array
Lengths & Angle
60x55m at 90°
60x55m at 55°
60x55m at 90°
80x35m at 90°
60x55m at 90°
80x35m at 90°
65x50m at 90°
60x55m at 90°
75x40m at 90°
60x55m at 90°
75x40m at 90°
60x55m at 90°
60x55m at 90°
60x55m at 90°
60x55m at 90°
60x55m at 90°
60x55m at 90°
60x55m at 90°
60x55m at 81°
65x50m at 90°
60x55m at 90°
60x55m at 90°
65x50m at 90°
75x40m at 82°
60x55m at 81°

MAM Circular Array
Diameter
68m
70m
115m
58m
74m
52m
94m
74m
56m
90m
50m
145m
82m
112m
90m
90m
104m
100m
64m
50m and 200m
70m
104m
110m
110m
80m

3.3 Microtremor Array Measurement (MAM) L-Array
Microtremor Array Measurements (MAM) using an L shaped array were made at each
site using 24, 4.5Hz vertical geophones with a 5m spacing between geophones. The L-arrays
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consist of two legs at a 90 degree turn if possible, with one geophone set at the turn peak (Figure
3.8). At four sites, a 90 degree angle between legs was not possible due to site constraints.

Figure 3.6 Laptop, sledgehammer, plastic strike plate, and Geode (in bag) used for
MASW testing (Photo by author)

a)

b)

Figure 3.7 Example of combined MASW source offset dispersion curves both
(a) untrimmed and (b) trimmed
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For each L-array, the legs of the array were kept approximately equal. However, at some sites
this was not possible due to site constraints. In Table 3.2, the L-array configuration for each site
is provided. A sampling frequency of 8ms and a record length of 60 seconds were used for
recording. Each L-array was left to record microtremors for 30 minutes at each site providing 30,
60 seconds records for processing. The same Geometrics Geode used for MASW testing was
also used for MAM testing using the L-array configurations.
The MAM data collected using the L-arrays was processed using the conventional
frequency-wavenumber (f-k) method (Kelly 1967 and Harjes and Henger 1973) to produce
Rayleigh wave dispersion curves using the Geopsy software suite (www.geopsy.org). In Geopsy,
60 second time windows were used, and within each time window, 125 frequency bands were
processed based on a log distribution between 1Hz and 30Hz. For each time window, the phase
velocity was calculated at each frequency. Dispersion data for all time windows was then

Figure 3.8 Example of L-Array setup viewed at the 90 degree turn (Photo by
author)
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combined to form a composite dispersion curve. From the composite dispersion curve, the mean
phase velocity and standard deviation were calculated for 125 frequency bins on a log scale to
create an average Rayleigh wave dispersion curve for use in the inversion process (Figure 3.9).
L-array dispersion targets are shown in Appendix A.

b) Trimmed Dispersion Data

a) Untrimmed Dispersion Data

Figure 3.9 Example of combined MAM L-array dispersion curves from f-k
processing both (a) untrimmed and (b) trimmed

3.4 Microtremor Array Measurement (MAM) Circular Array
Microtremor Array Measurement (MAM) testing using a circular array was performed at
each site using six, three component broadband seismometers. Five of the seismometers were
arranged evenly around the outside of the circle, with the remaining one seismometer located at
the center of the circle. Array diameters used in this study ranged from 50m to 200m as sites
allowed. The diameter of the circle array or arrays at each site are provided in Table 3.2. The
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seismometers used for testing were Nanometrics Trillium Compact Broadband Seismometers.
These seismometers have a flat response from 20s to 100Hz, and have tilt tolerances of 10
degrees (Nanometrics 2017). The seismometers were recorded using Nanometrics Centaur
Digitizers. The Centaur digitizer is a high resolution 3 channel, 24-bit data acquisition system
capable of recording sample rates up to 5000sps. These Centaurs use GPS timing systems to time
stamp waveforms in order to sync up recordings between stations (Nanometrics 2017). The
Trillium Compact seismometers along with the Centaur Digitizers, batteries, and GPS units were
all contained in a Nanometrics rapid deployment case (Figure 3.10).
At each site, the seismometers were placed using standard handheld Garmin GPS units
based on coordinates produced either before or during the trip. Each sensor was coupled to the
ground using a three-pronged aluminum leveling cradle, oriented toward magnetic North using
handheld compasses, leveled, and covered with a protective bucket to reduce wind influence on
the recordings (Figure 3.11). Once each station was setup, the circular array was left to record
microtremors for at least one hour. After setup of the sensors, a Trimble Geo 7x centimeter GPS
unit was used to precisely record the coordinates at each station (Figure 3.12). The accuracy of
this GPS was generally ± 1m or better.
The MAM data collected with the circular arrays was processed using two methods: the
high-resolution frequency-wavenumber (HRFK) method (Capon 1969), and the modified spatial
autocorrelation (MSPAC) method (Bettig et al. 2001). The HRFK method was used to produce
both Rayleigh wave data and Love wave data. The MSPAC method was only used to produce
Rayleigh wave data.
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In the HRFK method, Rayleigh wave data was processed separately from the Love wave
data. Each type of wave has distinct relationships with shear wave velocity, thus it was necessary
to separate them during processing. In HRFK processing, time windows of 180 seconds were
used from the recordings for each array. In each time window, peak wavenumber x and y pairs

Figure 3.10 Nanometrics Trillium Compact seismometer, Centaur Digitizer, and
appropriate equipment in a rapid deployment case (Photo by author)

were selected at 125 frequency samples on a log scale between 0.1Hz and 20Hz. The raw
dispersion curve was then processed to remove outliers and dispersion points beyond the array
resolution limits. The mean phase velocity (Rayleigh or Love) and the standard deviation were
calculated at each bin. Final Rayleigh or Love curves are shown in Appendix A and are used as a
dispersion target for use in inversion (Figure 3.13).
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In the MSPAC method, receiver pairs are divided into three sets of circular sub-arrays or
rings. A 3D histogram is created from the spatial auto-correlation data from the rings in Geopsy
(www.geopsy.org). The recordings from the seismometers were split into 180 second time
windows. Auto-correlation values were made from these divisions of the recording. Then in each
time window, auto-correlation values were then calculated for the 125 frequency bins on a log
scale from 0.1Hz to 20Hz. The middle, upper-bound, and lower-bound phase velocities were
manually selected from the histograms (Figure 3.14). The resulting dispersion curves were
resampled into 125 frequency bins between 0.1Hz and 20Hz on a log scale as a dispersion target
for use in inversion.

Figure 3.11 Nanometrics Trillium Compact seismometer in setup process (Photo by
author)
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Figure 3.12 Nanometrics Trillium Compact seismometer after setup with protective
bucket cover. Trimble GPS used to record accurate station locations. (Photo by
author)

b) Trimmed Dispersion Data

a) Trimmed Dispersion Data

Figure 3.13 Example of combined MAM circular array dispersion curves from
HRFK processing both (a) untrimmed and (b) trimmed.
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Figure 3.14 Example of MAM circular array MSPAC dispersion target selection
3.5 Horizontal to Vertical Spectral Ratio (HVSR)
MAM circular array data collected using the Trillium compact seismometers was also
used to estimate the Horizontal to Vertical Spectral Ratio (HVSR) at each site. General
guidelines from the SESAME project were followed during processing (SESAME 2004). The
horizontal and vertical components of the recordings from each of the 6 Nanometrics Trillium
Compact Broadband Seismometers was used to calculate a horizontal-to-vertical spectral ratio.
The hour long records from each sensor were broken up into 180 second time windows. The
average horizontal component is calculated as the squared average of the North-South and EastWest records. This is then divided by the vertical component to develop the H/V ratio. The
results from all time windows were averaged to make an average spectral ratio curve for each
sensor in the array. The frequency of the peak H/V ratio was chosen from the average curve for
each sensor. The peak frequencies for each sensor were averaged into one HVSR peak frequency
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for each site. This site HVSR curve was used to find the fundamental resonant frequency and in
turn the site period for each site. Final HVSR curves and fit ellipticity curves are shown in
Appendix A.
3.6 Inversion
In order to develop the Vs profiles for each site, a joint inversion of the Rayleigh and
Love wave dispersion data and HVSR peak frequency was performed in the Geopsy software
package Dinver (www.geopsy.org). The dispersion data from each method were averaged and
resampling into 100 frequency bins between 0.1Hz and 100Hz on a log scale (Figure 3.15).
Targets outside the trend of the grouping were removed. Only the fundamental mode was used
for inversion in this study.

a)

b)

Figure 3.15 Example of averaging and resampling dispersion targets for use in
inversion

Once the resampled average target was made but before any inversion processing was
done in Dinver, initial dispersion curve fits and soil profiles were developed using WinSASW
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1.23, a surface wave inversion program developed at the University of Texas at Austin.
WinSASW requires users to input a ground profile including layer thickness, Vs, unit weight,
and either Poisson’s ratio or compression wave velocity. Once the experimental average
dispersion target for a site was loaded, a theoretical dispersion curve was made using the user’s
input profile. By visual inspection, user profiles were adjusted and theoretical curves recomputed
until the theoretical curve fit the experimental target. WinSASW theoretical curves were used to
determine the approximate thickness and stiffness of any stiff crustal layers at each site and to
develop a starting parameterization for inversion within Dinver. The near surface layering,
corresponding to the high frequency dispersion data (i.e., the stiff crustal layer), was locked into
the Dinver parameters for inversion. This portion of the theoretical curves would be added to the
Dinver theoretical dispersion curves later.
Dinver uses a neighborhood algorithm that randomly generates Vs profiles within usermade parameters regarding depth, Poisson’s ratio, density, shear wave velocity, and compression
wave velocity of the ground profile (Wathelet 2008). Parameterization was developed based on
the best WinSASW fit for each site in addition to geologic information discussed in Chapter 2,
knowledge of dispersion curve shape, and simple trial-and-error as necessary. The
parametrizations for each site were left somewhat broad in order to allow Dinver to search for
the best Vs profile for the experimental data. With each Vs profile, Dinver produces a theoretical
dispersion curve and an ellipticity curve using a forward model (Thomson 1950, Haskell 1953,
Dunkin 1965, Knopoff 1964). Dinver compares each theoretical dispersion curve to the
experimental dispersion target and produces a misfit value to quantify the closeness between the
theoretical and experimentation data. Dinver’s algorithm attempts to minimize this misfit value
at each point along the experimental dispersion target. An example of an experimental HVSR
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curve fit with a theoretical ellipticity curve is shown in Figure 3.16, and an example of
theoretical dispersion curves fit to the experimental dispersion targets is shown in Figure 3.17.
Many thousands of model iterations are produced in order to minimize the misfit value.
In this study, multiple parameterizations were attempted for each site. At least 500,000 iterations
were produced using the best parameterization producing the lowest misfit values for each site.
For the Vs profile for each site, 1000 profiles equivalent of all models with a misfit value <1.0
are provided. For each layer from these profiles, the median Vs is computed. This median is the
chosen representative Vs profile for the site. Also shown on each Vs profile are the counted 5%
and 95% velocity intervals (Figure 3.18).

Figure 3.16 Example experimental HVSR curve with theoretical ellipticity from
median misfit <1.0 Vs Profile
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Figure 3.17 Example of experimental dispersion targets fit with 1000 dispersion
curves representative of all dispersion curves with misfit <1.0

Figure 3.18 Example of one thousand Vs profiles representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile confidence interval for the 1000 profiles.
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Chapter 4: Sites and Results
4.1 Introduction
The chapter provides details of each testing site with an aerial photograph and a ground
view photo and provides the resulting Vs profile and site period for each site. Details of the
MASW, MAM, and HVSR measurements performed at each site are provided in Chapter 3.
Location maps of all the sites are presented in Figures 3.1 and 3.2. The L-array and circular
array dimensions are noted for each site. Inversion processing of the array data was performed as
described in Section 3.6. Shear wave velocity results from inversion processing for each site are
discussed in detail and shown both in this chapter and in Appendix A.
4.2

Site 1: Parque Floresta Coyoacán
MASW, MAM, and HVSR measurements were performed on January 4, 2019 at Site 1

(lat. 19.303931°, long. -99.129369°). Site 1 is located in a public park known as “Parque Floresta
Coyoacán” at the intersection of Hacienda de Mimiahuapan Ote. and Hacienda El Valparaíso.
Figure 4.1 shows an aerial photograph of Site 1 with the positions and orientations of the MASW
array, MAM L-array, and MAM circular array. A ground view photo of the site is shown in
Figure 4.2. The L-array was positioned with legs of 60m and 55m at a 90 degree angle. The
circular array was positioned with an approximate diameter of 68m.
Site 1 is located in Seismic Zone IIIa and the estimated site period is 0.89 seconds from
the HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets
used for inversion for Site 1 are shown in Figure A1, Figure A2, and Figure A3 of Appendix A
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Figure 4.1 Aerial photograph of Site 1 showing the location of surface wave arrays
(Google Earth)

Figure 4.2 Ground view photograph of Site 1 (Photo by author)
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respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.3 and in Figure A4
of Appendix A. The site consists of a near-surface layer with Vs about 120m/s to a depth of
about 1.5m, followed by an extremely soft clay layer with Vs between 50m/s and 90m/s from a
depth of approximately 1.5m to 9m, followed by a stiffer soil layer with Vs between 240m/s and
270m/s from depths of approximately 9m to 25m, followed by a stiffer layer with Vs between
350m/s and 420m/s from depths of approximately 25m to at least 80m.

Site Period = 0.89 Seconds

Figure 4.3 One thousand Vs profiles for Site 1 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.3

Site 2: Park on Hacienda de La Huerta
MASW, MAM, and H/V measurements were performed on January 4, 2019 at Site 2 (lat.

19.294529°, long. -99.133217°). Site 2 is located in a public park at the intersection of Hacienda
de La Huerta and Hacienda Santa María Regla. Figure 4.4 shows an aerial photograph of Site 2
with the positions and orientations of the MASW array, MAM L-array, and MAM circular array.
A ground view photo of the site is shown in Figure 4.5. The L-array was positioned with legs of
60m and 55m at approximately a 55 degree angle. The circular array was positioned with an
approximate diameter of 70m.

Figure 4.4 Aerial photograph of Site 2 showing the location of surface wave arrays
(Google Earth)
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Figure 4.5 Ground view photograph of Site 2 (Photo by author)
Site 2 is located in Seismic Zone IIIa and the estimated site period is 0.95 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 2 are shown in Figure A5, Figure A6, and Figure A7 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.6 and in Figure A8
of Appendix A. The site consists of a soft near-surface layer with Vs about 110m/s to a depth of
approximately 3m, followed by an extremely soft clay with Vs between 80m/s and 90m/s from
depths of approximately 2.5m to 9m, followed by a stiffer soil layer with Vs between 220m/s and
250m/s from depths of approximately 9m to 35m, followed by a stiffer soil with Vs between
350m/s and 430m/s from depths of approximately 35m to at least 50m.
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Site Period = 0.95 Seconds

Figure 4.6 One thousand Vs profiles for Site 2 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.4

Site 3: Parque Campestre Coyoacán
MASW, MAM, and H/V measurements were performed on January 4, 2019 at Site 3 (lat.

19.309202°, long. -99.116568°). Site 3 is located in a public park known as Parque Campestre
Coyoacán on the intersection of Rancho San Isidro and Rancho Cocuite. Figure 4.7 shows an
aerial photograph of Site 3 with the positions and orientations of the MASW array, MAM Larray, and MAM circular array. A ground view photo of the site is shown in Figure 4.8. The Larray was positioned with legs of 60m and 55m at a 90 degree angle. The circular array was
positioned with an approximate diameter of 115m.

Figure 4.7 Aerial photograph of Site 3 showing the location of surface wave arrays
(Google Earth)
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Figure 4.8 Ground view photograph of Site 3 (Photo by author)
Site 3 is located in Seismic Zone IIIa and the estimated site period is 1.26 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 3 are shown in Figure A9, Figure A10, and Figure A11 of Appendix A
respectively The shear wave velocity (Vs) profile is plotted both in Figure 4.9 and in Figure A12
of Appendix A. The site consists of a soft near-surface layer with Vs of about 120m/s to a depth
of approximately 2m followed by an extremely soft clay layer with Vs between 45m/s and 60m/s
from depths of approximately 2m to 11m, followed by a stiffer soil layer with Vs between
110m/s and 180m/s from depths of approximately 11m to 32m, followed by a stiffer soil layer
with Vs between 200m/s and 350m/s from depths of approximately 32m to 40m, followed by a
stiffer layer with Vs between 375m/s and 500m/s from depths of approximately 40m to at least
100m.
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Site Period = 1.26 Seconds

Figure 4.9 One thousand Vs profiles for Site 3 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.5

Site 4: Park on Ejido Culhuacan
MASW, MAM, and H/V measurements were performed on January 5, 2019 at Site 4 (lat.

19.330913°, long. -99.126851°). Site 4 is located in a public park on the intersection of Ejido
Culhuacan and Ejido Tlaltenco. Figure 4.10 shows an aerial photograph of Site 4 with the
positions and orientations of the MASW array, MAM L-array, and MAM circular array. A
ground view photo of the site is shown in Figure 4.11. The L-array was positioned with legs of
35m and 80m at a 90 degree angle. The circular array was positioned with an approximate
diameter of 58m.

Figure 4.10 Aerial photograph of Site 4 showing the location of surface wave arrays
(Google Earth)
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Figure 4.11 Ground view photograph of Site 4 with MASW array (Photo by author)
Site 4 is located in Seismic Zone IIIa and the estimated site period is 1.25 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 4 are shown in Figure A13, Figure A14, and Figure A15 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.12 and in Figure
A16 of Appendix A. The site consists of a soft near-surface layer with Vs about 130m/s to a
depth of approximately 2m, followed by an extremely soft clay layer with Vs between 50m/s and
60m/s from depths of approximately 2m to 13m, followed by a stiffer soil layer with Vs between
100m/s and 130m/s from depths of approximately 13m to 15m, followed by a stiffer soil layer
with Vs between 270m/s and 390m/s from depths of approximately 15m to at least 40m.
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Site Period = 1.25 Seconds

Figure 4.12 One thousand Vs profiles for Site 4 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.6

Site 5: Park on Copa de Oro
MASW, MAM, and H/V measurements were performed on January 5, 2019 at Site 5 (lat.

19.333584°, long. -99.142989°). Site 5 is located in a public park on the intersection of Copa de
Oro and Av. Xotepingo. Figure 4.13 shows an aerial photograph of Site 5 with the positions and
orientations of the MASW array, MAM L-array, and MAM circular array. A ground view photo
of the site is shown in Figure 4.14. The L-array was positioned with legs of 60m and 55m at a 90
degree angle. The circular array was positioned with an approximate diameter of 74m.

Figure 4.13 Aerial Photograph of Site 5 showing the location of surface wave arrays
(Google Earth)
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Figure 4.14 Ground view photograph of Site 5 with MASW array (Photo by author)
Site 5 is located on the border of Seismic Zone II and Seismic Zone IIIa and the estimated site
period is 0.92 seconds from the HVSR measurements. The raw dispersion targets, HVSR curve,
and final dispersion targets used for inversion for Site 5 are shown in Figure A17, Figure A18,
and Figure A19 of Appendix A respectively. The shear wave velocity (Vs) profile is plotted both
in Figure 4.15 and in Figure A20 of Appendix A. The site consists of a thin near surface layer
with Vs of 150 m/s followed by medium near-surface layer with Vs between 225m/s and 275m/s
to a depth of approximately 2m to 6m. These layers are underlined by an extremely soft clay
layer with Vs between 60m/s and 80m/s from depths of approximately 6m to 12m, followed by a
soft clay layer with Vs between 200m/s and 280m/s from depths of approximately 12m to 40m,
followed by stiffer soil with Vs between 700m/s and 900m/s from depths of approximately 40m
to at least 75m.
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Site Period = 0.92 Seconds

Figure 4.15 One thousand Vs profiles for Site 5 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.7

Site 6: Park on Cerro Cubilete
MASW, MAM, and H/V measurements were performed on January 5, 2019 at Site 6 (lat.

19.341828°, long. -99.134183°). Site 6 is located in a public park on the intersection of Cerro
Cubilete and Cerro de Jesus. Figure 4.16 shows an aerial photograph of Site 6 with the positions

and orientations of the MASW array, MAM L-array, and MAM circular array. A ground view
photo of the site is shown in Figure 4.17. The L-array was positioned with legs of 80m and 35m
at a 90 degree angle. The circular array was positioned with an approximate diameter of 52m.

Figure 4.16 Aerial photograph of Site 6 showing the location of surface wave arrays
(Google Earth)
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Figure 4.17 Ground view photograph of Site 6 with MASW array (Photo by author)
Site 6 is located in Seismic Zone IIIa and the estimated site period is 1.09 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 6 are shown in Figure A21, Figure A22, and Figure A23 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.18 and in Figure
A24 of Appendix A. The site consists of a soft near-surface layer with Vs about 150m/s to a
depth of approximately 2m, followed by an extremely soft clay layer with Vs between 50m/s and
60m/s from depths of approximately 2m to 12m, followed by a stiffer soil layer with Vs between
120m/s and 200m/s from depths of approximately 12m to 16m, followed by stiffer soil layer with
Vs between 200m/s and 340m/s from depths of approximately 16m to 36m, followed by stiff soil
with Vs between 400m/s and 600m/s from depths of approximately 36m to at least 120m.
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Site Period = 1.09 Seconds

Figure 4.18 One thousand Vs profiles for Site 6 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.8

Site 7: Parque Masayoshi Ohira
MASW, MAM, and H/V measurements were performed on January 5, 2019 at Site 7 (lat.

19.352357°, long. -99.142272°). Site 7 is located in the park known as “Parque Masayoshi
Ohira” on the intersection of Corredores and Country Club. Figure 4.19 shows an aerial
photograph of Site 7 with the positions and orientations of the MASW array, MAM L-array, and
MAM circular array. A ground view photo of the site is shown in Figure 4.20. The L-array was
positioned with legs of 65m and 50m at a 90 degree angle. The circular array was positioned
with an approximate diameter of 94m.

Figure 4.19 Aerial photograph of Site 7 showing the location of surface wave arrays
(Google Earth)
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Figure 4.20 Ground view photograph of Site 7 with MAM L-array (Photo by
author)
Site 7 is located in Seismic Zone IIIa and the estimated site period is 0.99 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 7 are shown in Figure A25, Figure A26, and Figure A27 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.21 and in Figure
A28 of Appendix A. The site consists of a stiff near-surface layer with Vs about 300m/s to a
depth of approximately 1m, followed by an extremely soft clay layer with Vs between 50m/s and
70m/s from depths of approximately 1m to 11m, followed by a stiffer soil layer with Vs between
110m/s and 180m/s from depths of approximately 11m to 28m, followed by stiffer soil layer with
Vs between 350m/s and 450m/s from depths of approximately 28m to at least 70m.
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Site Period = 0.99 Seconds

Figure 4.21 One thousand Vs profiles for Site 7 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.9

Site 8: Kiosko
MASW, MAM, and H/V measurements were performed on January 6, 2019 at Site 8 (lat.

19.302363°, long. -99.105545°). Site 8 is located in the park known as “Kiosko” on the
intersection of Hacienda los Morales and Hacienda Texmelucan. Figure 4.22 shows an aerial
photograph of Site 8 with the positions and orientations of the MASW array, MAM L-array, and
MAM circular array. A ground view photo of the site is shown in Figure 4.23. The L-array was
positioned with legs of 60m and 55m at a 90 degree angle. The circular array was positioned
with an approximate diameter of 74m.

Figure 4.22 Aerial photograph of Site 8 showing the location of surface wave arrays
(Google Earth)
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Figure 4.23 Ground view photograph of Site 8 (Photo by author)

Site 8 is located in Seismic Zone IIIb and the estimated site period is 2.07 seconds from
the HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets
used for inversion for Site 8 are shown in Figure A29, Figure A30, and Figure A31 of Appendix
A respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.24 and in Figure
A32 of Appendix A. The site consists of a soft near-surface layer with Vs about 175m/s to a
depth of approximately 1m, followed by an extremely soft clay layer with Vs between 40m/s and
50m/s from depths of approximately 1m to 16m, followed by a stiffer soil layer with Vs between
80m/s and 180m/s from depths of approximately 16m to 44m, followed by a stiffer soil layer
with Vs between 200m/s and 300m/s from depths of approximately 44m to at least 120m.
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Site Period = 2.07 Seconds

Figure 4.24 One thousand Vs profiles for Site 8 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.10

Site 9: Parque el Triangulo
MASW, MAM, and H/V measurements were performed on January 6, 2019 at Site 9 (lat.

19.314396°, long. -99.109342°). Site 9 is located in the park known as “Parque el Triangulo” on
the intersection of Amatan and Pantepec. Figure 4.25 shows an aerial photograph of Site 9 with
the positions and orientations of the MASW array, MAM L-array, and MAM circular array. A
ground view photo of the site is shown in Figure 4.26. The L-array was positioned with legs of
40m and 75m at a 90 degree angle. The circular array was positioned with an approximate
diameter of 56m.

Figure 4.25 Aerial photograph of Site 9 showing the location of surface wave arrays
(Google Earth)
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Figure 4.26 Ground view photograph of Site 9 with MASW array (Photo by author)

Site 9 is located on the border of Seismic Zone IIIa and Seismic Zone IIIb and the estimated site
period is 1.60 seconds from the HVSR measurements. The raw dispersion targets, HVSR curve,
and final dispersion targets used for inversion for Site 9 are shown in Figure A33, Figure A34,
and Figure A35 of Appendix A respectively. The shear wave velocity (Vs) profile is plotted both
in Figure 4.27 and in Figure A36 of Appendix A. The site consists of a soft near-surface layer
with Vs about 120m/s to a depth of approximately 1.5m, followed by an extremely soft clay
layer with Vs between 40m/s and 50m/s from depths of approximately 1.5m to 11m, followed by
a stiffer soil layer with Vs between 200m/s and 260m/s from depths of approximately 11m to
30m, followed by stiffer soil with Vs between 275m/s and 325m/s from depths of approximately
30m to at least 60m.
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Site Period = 1.60 Seconds

Figure 4.27 One thousand Vs profiles for Site 9 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.11

Site 10: Jardin Fraccionamiento Los Sauces
MASW, MAM, and H/V measurements were performed on January 6, 2019 at Site 10

(lat. 19.305735°, long. -99.116391°). Site 10 is located in the park known as “Jardin
Fraccionamiento Los Sauces” on the intersection of Rancho Amapolas and Rancho las Animas.
Figure 4.28 shows an aerial photograph of Site 10 with the positions and orientations of the
MASW array, MAM L-array, and MAM circular array. A ground view photo of the site is shown
in Figure 4.29. The L-array was positioned with legs of 60m and 55m at a 90 degree angle. The
circular array was positioned with an approximate diameter of 90m.

Figure 4.28 Aerial photograph of Site 10 showing the location of surface wave
arrays (Google Earth)
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Figure 4.29 Ground view photograph of Site 10 with MAM L-array (Photo by
author)

Site 10 is located in Seismic Zone IIIa and the estimated site period is 1.30 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 10 are shown in Figure A37, Figure A38, and Figure A39 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.30 and in Figure
A40 of Appendix A. The site consists of a soft near-surface layer with Vs about 110m/s to a
depth of approximately 1.5m, followed by an extremely soft clay layer with Vs between 50m/s
and 60m/s from depths of approximately 1.5m to 13m, followed by a stiffer soil layer with Vs
between 180m/s and 200m/s from depths of approximately 13m to 30m, followed by a stiffer soil
layer with Vs between 320m/s and 350m/s from depths of approximately 30m to at least 60m.
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Site Period = 1.30 Seconds

Figure 4.30 One thousand Vs profiles for Site 10 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.12

Site 11: Park on Ejido de los Reyes
MASW, MAM, and H/V measurements were performed on January 7, 2019 at Site 11

(lat. 19.336769°, long. -99.126444°). Site 11 is located in a public park on the intersection of
Ejido de los Reyes and Ejido Tlahuac. Figure 4.31 shows an aerial photograph of Site 11 with
the positions and orientations of the MASW array, MAM L-array, and MAM circular array. A
ground view photo of the site is shown in Figure 4.32. The L-array was positioned with legs of
40m and 75m at a 90 degree angle. The circular array was positioned with an approximate
diameter of 50m.

Figure 4.31 Aerial photograph of Site 11 showing the location of surface wave
arrays (Google Earth)
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Figure 4.32 Ground view photograph of Site 11 with MASW array (Photo by
author)
Site 11 is located in Seismic Zone IIIa and the estimated site period is 1.33 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 11 are shown in Figure A41, Figure A42, and Figure A43 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.33 and in Figure
A44 of Appendix A. The site consists of a stiff near-surface layer followed by an extremely soft
clay layer with Vs between 45m/s and 75m/s to a depth of approximately 17m, followed by a
stiffer soil layer with Vs between 300m/s and 350m/s from depths of approximately 27m to at
least 60m.
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Site Period = 1.33 Seconds

Figure 4.33 One thousand Vs profiles for Site 11 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.13

Site 12: Parque Naciones Unidas
MASW, MAM, and H/V measurements were performed on January 7, 2019 at Site 12

(lat. 19.343699°, long. -99.124395°). Site 12 is located in the park known as “Parque Naciones
Unidas” on the intersection of Paseo de los Duraznos and Paseo de los Sauces. Figure 4.34
shows an aerial photograph of Site 12 with the positions and orientations of the MASW array,
MAM L-array, and MAM circular array. A ground view photo of the site is shown in Figure
4.35. The L-array was positioned with legs of 60m and 55m at a 90 degree angle. The circular
array was positioned with an approximate diameter of 145m.

Figure 4.34 Aerial photograph of Site 12 showing the location of surface wave
arrays (Google Earth)
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Figure 4.35 Ground view photograph of Site 12 with MASW array (Photo by
author)

Site 12 is located in Seismic Zone IIIa and the estimated site period is 1.32 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 12 are shown in Figure A45, Figure A46, and Figure A47 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.36 and in Figure
A48 of Appendix A. The site consists of a soft surface layer with Vs about 100m/s to a depth of
approximately 2m, followed by an extremely soft clay layer with Vs between 60m/s and 80m/s
from depths of approximately 2m to 13m, followed by a stiffer soil layer with Vs between
140m/s and 160m/s from depths of approximately 13m to 31m, followed by a stiffer soil layer
with Vs between 160m/s and 210m/s from depths of approximately 31m to 70m, followed by a

75

stiffer soil layer with Vs between 230m/s and 350m/s from depths of approximately 70m to at
least 80m.

Site Period = 1.32 Seconds

Figure 4.36 One thousand Vs profiles for Site 12 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.14

Site 13: Sports Field on Cafetales
MASW, MAM, and H/V measurements were performed on January 7, 2019 at Site 13

(lat. 19.331476°, long. -99.112617°). Site 13 is located in a sport recreational field for the
Escuela Superior de Ingenieria Mecanica y Electrica Unidad Culhuacan IPN on the intersection
of Cafetales and Av. Carlota Armero. Figure 4.37 shows an aerial photograph of Site 13 with the
positions and orientations of the MASW array, MAM L-array, and MAM circular array. A
ground view photo of the site is shown in Figure 4.38. The L-array was positioned with legs of
60m and 55m at a 90 degree angle. The circular array was positioned with an approximate
diameter of 82m.

Figure 4.37 Aerial photograph of Site 13 showing the location of surface wave
arrays (Google Earth)
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Figure 4.38 Ground view photograph of Site 13 with MAM L-array (Photo by
author)

Site 13 is located in Seismic Zone II and the estimated site period is 0.99 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 13 are shown in Figure A49, Figure A50, and Figure A51 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.39 and in Figure
A52 of Appendix A. The site consists of a soft surface layer with Vs about 110m/s to a depth of
approximately 3m, followed by an extremely soft clay layer with Vs between 50m/s and 80m/s
from depths of approximately 3m to 10m, followed by a stiffer soil layer with Vs between
100m/s and 130m/s from depths of approximately 10m to 23m, followed by a thin stiffer soil
layer with Vs between 300m/s and 400m/s from depths of approximately 23m to 26m, followed
by a stiffer soil layer with Vs between 500m/s and 600m/s from depths of approximately 26m to
at least 150m.
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Site Period = 0.99 Seconds

Figure 4.39 One thousand Vs profiles for Site 13 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.15

Site 14: Parque Italia
MASW, MAM, and H/V measurements were performed on January 8, 2019 at Site 14

(lat. 19.314019°, long. -99.126533°). Site 14 is located in the park known as “Parque Italia” on
the intersection of Ave de las Dalias and Ave de las Iris. Figure 4.40 shows an aerial photograph
of Site 14 with the positions and orientations of the MASW array, MAM L-array, and MAM
circular array. A ground view photo of the site is shown in Figure 4.41. The L-array was
positioned with legs of 60m and 55m at a 90 degree angle. The circular array was positioned
with an approximate diameter of 112m.

Figure 4.40 Aerial photograph of Site 14 showing the location of surface wave
arrays (Google Earth)
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Figure 4.41 Ground view photograph of Site 14 with MAM L-array on left (Photo
by author)
Site 14 is located in Seismic Zone IIIa and the estimated site period is 1.09 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 14 are shown in Figure A53, Figure A54, and Figure A55 of Appendix A
respectively The shear wave velocity (Vs) profile is plotted both in Figure 4.42 and in Figure
A56 of Appendix A.. The site consists of a soft surface layer with Vs about 80m/s to a depth of
approximately 2m, followed by an extremely soft clay layer with Vs between 40m/s and 60m/s
from depths of approximately 2m to 9m, followed by a stiffer soil layer with Vs between 100m/s
and 140m/s from depths of approximately 9m to 29m, followed by a thin stiffer transition soil
layer with Vs between 250m/s and 475m/s from depths of approximately 29m to 34m, followed
by a stiffer soil layer with Vs between 500m/s and 600m/s from depths of approximately 34m to
at least 150m.
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Site Period = 1.09 Seconds

Figure 4.42 One thousand Vs profiles for Site 14 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.16

Site 15: Parque Hacienda de San Juan
MASW, MAM, and H/V measurements were performed on January 8, 2019 at Site 15

(lat. 19.289901°, long. -99.142843°). Site 15 is located in the park known as “Parque Hacienda
de San Juan” on the intersection of Canal de Miramontes and Cueva. Figure 4.43 shows an aerial
photograph of Site 15 with the positions and orientations of the MASW array, MAM L-array,
and MAM circular array. A ground view photo of the site is shown in Figure 4.44. The L-array
was positioned with legs of 60m and 55m at a 90 degree angle. The circular array was positioned
with an approximate diameter of 90m.

Figure 4.43 Aerial photograph of Site 15 showing the location of surface wave
arrays (Google Earth)
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Figure 4.44 Ground view photograph of Site 15 (Photo by author)

Site 15 is located in Seismic Zone II and the estimated site period is 0.78 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 15 are shown in Figure A57, Figure A58, and Figure A59 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.45 and in Figure
A60 of Appendix A. The site consists of a surface layer with Vs about 180m/s to a depth of
approximately 4.5m, followed by an extremely soft clay layer with Vs between 60m/s and
100m/s from depths of approximately 4.5m to 9m, followed by a stiffer soil layer with Vs
between 160m/s and 220m/s from depths of approximately 9m to 22m, followed by a stiffer soil
layer with Vs between 200m/s and 275m/s from depths of approximately 22m to 27m, followed
by a stiff soil layer with Vs between 500m/s and 950m/s from depths of approximately 27m to at
least 55m.
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Site Period = 0.78 Seconds

Figure 4.45 One thousand Vs profiles for Site 15 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.17

Site 16: Parque Ecologico Huayamilpas
MASW, MAM, and H/V measurements were performed on January 8, 2019 at Site 16

(lat. 19.323619°, long. -99.151150°). Site 16 is located in the park known as “Parque Ecologico
Huayamilpas” on the intersection of Coras and Calmecac. Figure 4.46 shows an aerial
photograph of Site 16 with the positions and orientations of the MASW array, MAM L-array,
and MAM circular array. A ground view photo of the site is shown in Figure 4.47. The L-array
was positioned with legs of 60m and 55m at a 90 degree angle. The circular array was positioned
with an approximate diameter of 90m.

Figure 4.46 Aerial photograph of Site 16 showing the location of surface wave
arrays (Google Earth)
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Figure 4.47 Ground view photograph of Site 16 with MAM L-array (Photo by
author)
Site 16 is located in Seismic Zone I and the estimated site period is 0.73 seconds from the HVSR
measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used for
inversion for Site 16 are shown in Figure A61, Figure A62, and Figure A63 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.48 and in Figure
A64 of Appendix A.. The site consists of a surface layer with Vs between 200m/s and 230m/s to
a depth of approximately 3m, followed by a stiffer soil layer with Vs between 340m/s and
420m/s from depths of approximately 3m to 14m, followed by a softer soil layer with Vs
between 200m/s and 300m/s from depths of approximately 14m to 22m, followed by a stiffer soil
layer with Vs between 300m/s and 380m/s from depths of approximately 22m to 54m, followed
by a stiffer soil layer with Vs between 400m/s and 475m/s from depths of approximately 54m to
64m, followed by a stiff soil layer with Vs between 700m/s and 800m/s from depths of
approximately 64m and deeper.
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Site Period = 0.73 Seconds

Figure 4.48 One thousand Vs profiles for Site 16 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.18

Site 17: Parque Tagle
MASW, MAM, and H/V measurements were performed on January 9, 2019 at Site 17

(lat. 19.348499°, long. -99.182919°). Site 17 is located in the park known as “Parque Tagle” on
the intersection of Arenal and Ignacio Allende. Figure 4.49 shows an aerial photograph of Site
17 with the positions and orientations of the MASW array, MAM L-array, and MAM circular
array. A ground view photo of the site is shown in Figure 4.50. The L-array was positioned with
legs of 60m and 55m at a 90 degree angle. The circular array was positioned with an
approximate diameter of 104m.

Figure 4.49 Aerial photograph of Site 17 showing the location of surface wave
arrays (Google Earth)
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Figure 4.50 Ground view photograph of Site 17 with MASW array (Photo by
author)

Site 17 is located on the border of Seismic Zone I and Seismic Zone II. No clear site period was
discernable from the HVSR measurements. The raw dispersion targets, HVSR curve, and final
dispersion targets used for inversion for Site 17 are shown in Figure A65, Figure A66, and
Figure A67 of Appendix A respectively. The shear wave velocity (Vs) profile is plotted both in
Figure 4.51 and in Figure A68 of Appendix A. The site consists of a surface layer with Vs
between 150m/s and 200m/s to a depth of approximately 3.5m, followed by a stiffer soil layer
with Vs between 325m/s and 450m/s from depths of approximately 3.5m to 9m, followed by a
softer soil layer with Vs between 200m/s and 300m/s from depths of approximately 9m to 14m,
followed by a stiffer soil layer with Vs between 325m/s and 450m/s from depths of
approximately 14m to 34m, followed by a stiffer soil layer with Vs between 525m/s and 675m/s
from depths of approximately 34m to 83m, followed by a stiff soil layer with Vs between 675m/s
and 775m/s from depths of approximately 83m to at least 100m.
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No Discernable Site Period

Figure 4.51 One thousand Vs profiles for Site 17 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.19

Site 18: Parque Xicotencatl
MASW, MAM, and H/V measurements were performed on January 9, 2019 at Site 18

(lat. 19.356837°, long. -99.150813°). Site 18 is located in the park known as “Parque
Xicotencatl” on the intersection of Av. Division del Nte. and Calle Xicotencatl. Figure 4.52
shows an aerial photograph of Site 18 with the positions and orientations of the MASW array,
MAM L-array, and MAM circular array. A ground view photo of the site is shown in Figure
4.53. The L-array was positioned with legs of 60m and 55m at a 90 degree angle. The circular
array was positioned with an approximate diameter of 100m.

Figure 4.52 Aerial photograph of Site 18 showing the location of surface wave
arrays (Google Earth)
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Figure 4.53 Ground view photograph of Site 18 with MAM L-array (Photo by
author)

Site 18 is located on the border of Seismic Zone II and Seismic Zone IIIa and the estimated site
period is 1.00 seconds from the HVSR measurements. The raw dispersion targets, HVSR curve,
and final dispersion targets used for inversion for Site 18 are shown in Figure A69, Figure A70,
and Figure A71 of Appendix A respectively. The shear wave velocity (Vs) profile is plotted both
in Figure 4.54 and in Figure A72 of Appendix A. The site consists of a surface layer with Vs
about 130m/s to a depth of approximately 4m, followed by an extremely soft clay layer with Vs
between 80m/s and 120m/s from depths of approximately 4m to 19m, followed by a stiffer soil
layer with Vs between 150m/s and 300m/s from depths of approximately 19m to 29m, followed
by a stiffer soil layer with Vs between 350m/s and 475m/s from depths of approximately 29m to
45m, followed by a stiffer soil layer with Vs between 475m/s and 650m/s from depths of
approximately 45m to 82m, followed by a stiff soil layer with Vs between 650m/s and 900m/s
from depths of approximately 82m to at least 100m.
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Site Period = 1.00 Seconds

Figure 4.54 One thousand Vs profiles for Site 18 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.20

Site 19: Plaza de La Conchita
MASW, MAM, and H/V measurements were performed on January 9, 2019 at Site 19

(lat. 19.346991°, long. -99.159394°). Site 19 is located in the park known as “Plaza de La
Conchita” on the intersection of Plaza de la Conchita and Fernandez Leal. Figure 4.55 shows an
aerial photograph of Site 19 with the positions and orientations of the MASW array, MAM Larray, and MAM circular array. A ground view photo of the site is shown in Figure 4.56. The Larray was positioned with legs of 60m and 55m at approximately an 81 degree angle. The
circular array was positioned with an approximate diameter of 64m.

Figure 4.55 Aerial photograph of Site 19 showing the location of surface wave
arrays (Google Earth)
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Figure 4.56 Ground view photograph of Site 19 with MAM L-array (Photo by
author)

Site 19 is located in Seismic Zone II and the estimated site period is 0.65 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 19 are shown in Figure A73, Figure A74, and Figure A75 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.57 and in Figure
A76 of Appendix A. The site consists of a soft surface layer with Vs between 100m/s and
140m/s to a depth of approximately 1.5m, followed by a softer soil layer with Vs between 90m/s
and 100m/s from depths of approximately 1.5m to 16m, followed by a stiffer soil layer with Vs
between 180m/s and 260m/s from depths of approximately 16m to 25m, followed by a stiffer soil
layer with Vs between 325m/s and 425m/s from depths of approximately 25m to at least 40m.
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Site Period = 0.65 Seconds

Figure 4.57 One thousand Vs profiles for Site 19 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.21

Site 20: Parque de los Venados
MASW, MAM, and H/V measurements were performed on January 10, 2019 at Site 20

(lat. 19.373266°, long. -99.155449°). Site 20 is located in a public park known as “Parque de los
Venados” on the intersection of Dr. Jose Maria Vertiz and Miguel Laurent. Figure 4.58 shows
aerial photograph of Site 20 with the positions and orientations of the MASW array, MAM Larray, and MAM circular array. A ground view photo of the site is shown in Figure 4.59. The Larray was positioned with legs of 60m and 55m at a 90 degree angle. The circular arrays were
positioned with an approximate diameter of 50m for Array A and 200m for Array B.

Figure 4.58 Aerial Photograph of Site 20 showing the location of surface wave
arrays (Google Earth)
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Figure 4.59 Ground view photograph of Site 20 with MASW array (Photo by
author)

Site 20 is located on the border of Seismic Zone II and Seismic Zone IIIa and the estimated site
period is 1.09 seconds from the HVSR measurements. The raw dispersion targets, HVSR curve,
and final dispersion targets used for inversion for Site 20 are shown in Figure A77, Figure A78,
and Figure A79 of Appendix A respectively. The shear wave velocity (Vs) profile is plotted both
in Figure 4.60 and in Figure A80 of Appendix A. The site consists of a soft surface layer with Vs
of about 130m/s to a depth of approximately 4m, followed by an extremely soft clay layer with
Vs between 60m/s and 100m/s from depths of approximately 4m to 14m, followed by a stiffer
soil layer with Vs between 140m/s and 250m/s from depths of approximately 14m to 42m,
followed by a stiffer layer with Vs between 600m/s and 800m/s from depths of approximately
42m to at least 80m.
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Site Period = 1.09 Seconds

Figure 4.60 One thousand Vs profiles for Site 20 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.22

Site 21: Parque Jose Refugio Menez
MASW, MAM, and HVSR measurements were performed on January 10, 2019 at Site

21 (lat. 19.391330°, long. -99.143364°). Site 21 is located in a public park known as “Parque
Jose Refugio Menez” on the intersection of Almeria and Castila. Figure 4.61 shows aerial
photograph of Site 21 with the positions and orientations of the MASW array, MAM L-array,
and MAM circular array. A ground view photo of the site is shown in Figure 4.62. The L-array
was positioned with legs of 60m and 55m at a 90 degree angle. The circular arrays were
positioned with an approximate diameter of 70m.

Figure 4.61 Aerial Photograph of Site 21 showing the location of surface wave
arrays (Google Earth)
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Figure 4.62 Ground view photograph of Site 21 with MASW array (Photo by
author)

Site 21 is located in Seismic Zone IIIb and the estimated site period is 1.54 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 21 are shown in Figure A81, Figure A82, and Figure A83 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.63 and in Figure
A84 of Appendix A. The site consists of a soft surface layer with Vs of about 150m/s to a depth
of approximately 2m, followed by an extremely soft clay layer with Vs between 50m/s and
80m/s from depths of approximately 2m to 23m, followed by a thin stiffer soil layer with Vs
between 200m/s and 275m/s from depths of approximately 23m to 26m, followed by a stiffer soil
layer with Vs between 300m/s and 450m/s from depths of approximately 26m to at least 80m.
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Site Period = 1.54 Seconds

Figure 4.63 One thousand Vs profiles for Site 21 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.23

Site 22: Parque Hundido
MASW, MAM, and HVSR measurements were performed on January 10, 2019 at Site 22

(lat. 19.378554°, long. -99.179385°). Site 22 is located in the park known as “Parque Hundido”
on the intersection of Av. De los Insurgentes Sur and Porfirio Diaz. Figure 4.64 shows aerial
photograph of Site 22 with the positions and orientations of the MASW array, MAM L-array,
and MAM circular array. A ground view photo of the site is shown in Figure 4.65. The L-array
was positioned with legs of 60m and 55m at a 90 degree angle. The circular arrays were
positioned with an approximate diameter of 104m.

Figure 4.64 Aerial Photograph of Site 22 showing the location of surface wave
arrays (Google Earth)
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Figure 4.65 Ground view photograph of Site 22 with MASW array (Photo by
author)

Site 22 is located in Seismic Zone II. No clear site period was discernable from the HVSR
measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used for
inversion for Site 22 are shown in Figure A85, Figure A86, and Figure A87 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.66 and in Figure
A88 of Appendix A. The site consists of a soft surface layer with Vs of about 120m/s to a depth
of approximately 1m, followed by a stiffer soil layer with Vs between 200m/s and 240m/s from
depths of approximately 1m to 5m, followed by a stiffer soil layer with Vs between 330m/s and
350m/s from depths of approximately 5m to 16m, followed by a stiffer soil layer with Vs
between 460m/s and 500m/s from depths of approximately 16m to 42m, followed by a stiffer soil
layer with Vs between 650m/s and 750m/s from depths of approximately 42m to at least 90m.
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No Discernable Site Period

Figure 4.66 One thousand Vs profiles for Site 22 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.24

Site 23: Garden Squarel Balbuena

MASW, MAM, and HVSR measurements were performed on January 11, 2019 at Site 23 (lat.
19.408969°, long. -99.108158°). Site 23 is located in a public park known as “Garden Squarel
Balbuena” on the intersection of Fernando Iglesias Calderon and Av. Morelos. Figure 4.67
shows aerial photograph of Site 23 with the positions and orientations of the MASW array,
MAM L-array, and MAM circular array. A ground view photo of the site is shown in Figure
4.68. The L-array was positioned with legs of 60m and 55m at a 90 degree angle. The circular
arrays were positioned with an approximate diameter of 110m.

Figure 4.67 Aerial Photograph of Site 23 showing the location of surface wave
arrays (Google Earth)
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Figure 4.68 Ground view photograph of Site 23 with MASW array (Photo by
author)

Site 23 is located in Seismic Zone IIId and the estimated site period is 3.38 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 23 are shown in Figure A89, Figure A90, and Figure A91 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.69 and in Figure
A92 of Appendix A. The site consists of a soft surface layer with Vs of 110m/s to a depth of
approximately 3m, followed by an extremely soft clay layer with Vs between 40m/s and 50m/s
from depths of approximately 3m to 37m, followed by a stiffer soil layer with Vs between
325m/s and 400m/s from depths of approximately 37m to at least 100m.
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Site Period = 3.38 Seconds

Figure 4.69 One thousand Vs profiles for Site 23 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.25

Site 24: Parque Alfonso Esparza Oteo
MASW, MAM, and HVSR measurements were performed on January 11, 2019 at Site 24

(lat. 19.389520°, long. -99.177510°). Site 24 is located in the park known as “Parque Alfonso
Esparza Oteo” on the intersection of Calle Pennsylvania and Georgia. Figure 4.70 shows aerial
photograph of Site 24 with the positions and orientations of the MASW array, MAM L-array,
and MAM circular array. A ground view photo of the site is shown in Figure 4.71. The L-array
was positioned with legs of 75m and 40m at an 82 degree angle. The circular arrays were
positioned with an approximate diameter of 110m.

Figure 4.70 Aerial Photograph of Site 24 showing the location of surface wave
arrays (Google Earth)
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Figure 4.71 Ground view photograph of Site 24 with MASW array (Photo by
author)

Site 24 is located in Seismic Zone II and the estimated site period is 0.55 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 24 are shown in Figure A93, Figure A94, and Figure A95 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.72 and in Figure
A96 of Appendix A. The site consists of a near-surface layer with Vs between 160m/s and 180
m/s to a depth of approximately 4m, followed by a stiffer soil layer with Vs between 180m/s and
230m/s from depths of approximately 4m to 10m, followed by a softer soil layer with Vs
between 140m/s and 180m/s from depths of approximately 10m to 17m, followed by a stiffer soil
layer with Vs between 250m/s and 350m/s from depths of approximately 17m to 21m, followed
by a stiffer soil layer with Vs between 400m/s and 450m/s from depths of approximately 21m to
46m, followed by a stiffer soil layer with Vs between 750m/s and 925m/s from depths of
approximately 46m to at least 80m.
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Site Period = 0.55 Seconds

Figure 4.72 One thousand Vs profiles for Site 24 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.26

Site 25: Plaza de las Naciones Unidas
MASW, MAM, and HVSR measurements were performed on January 11, 2019 at Site 25

(lat. 19.400533°, long. -99.149236°). Site 25 is located in a public park known as “Plaza de las
Naciones Unidas” on the intersection of Diagonal San Antonio and Dr. Jose Maria Vertiz.
Figure 4.73 shows aerial photograph of Site 25 with the positions and orientations of the MASW
array, MAM L-array, and MAM circular array. A ground view photo of the site is shown in
Figure 4.74. The L-array was positioned with legs of 60m and 55m at approximately an 81
degree angle. The circular arrays were positioned with an approximate diameter of 80m.

Figure 4.73 Aerial Photograph of Site 25 showing the location of surface wave
arrays (Google Earth)
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Figure 4.74 Ground view photograph of Site 25 with MASW array (Photo by
author)

Site 25 is located in Seismic Zone IIIb and the estimated site period is 1.88 seconds from the
HVSR measurements. The raw dispersion targets, HVSR curve, and final dispersion targets used
for inversion for Site 25 are shown in Figure A97, Figure A98, and Figure A99 of Appendix A
respectively. The shear wave velocity (Vs) profile is plotted both in Figure 4.75 and in Figure
A100 of Appendix A.. The site consists of a soft surface layer with Vs about 150 m/s to a depth
of approximately 2m, followed by an extremely soft clay layer with Vs between 50m/s and
70m/s from depths of approximately 2m to 25m, followed by a stiffer soil layer with Vs between
200m/s and 280m/s from depths of approximately 25m to 38m, followed by a stiffer soil layer
with Vs between 300m/s and 450m/s from depths of approximately 38m to at least 100m.
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Site Period = 1.88 Seconds

Figure 4.75 One thousand Vs profiles for Site 25 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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4.27

Results and Discussion
The Vs profiles and site periods presented in Sections 4.2-4.26 are compared and

contrasted in this sections to understand the variation in material properties and site conditions
for the western edge of the Mexico City Basin. A labeled site map with seismic zonation of the
basin is shown in Figure 4.76. From the 25 sites tested, one is located is Zone I, six are located in
Zone II, 11 are located in Zone IIIa, four are located in Zone IIIb, and one is located in Zone IIId.
A map comparing the seismic zonation of Mexico City with the site period contours used to
establish the seismic zonation is shown in Figure 4.77. From the figure, it is clear that Zones I
and II represent site periods less than 1.0 seconds, while Zone IIIa represents site periods
between 1.0-1.5 seconds, Zone IIIb represents site periods between 1.5-2.5 seconds, Zone IIIc
represents site periods between 2.5-3.5 seconds, and Zone IIId represents site periods greater
than 3.5 seconds.
A map comparing the site periods for each of the sites in this study to the seismic
zonation map is provided in Figure 4.78. The site period at each location is governed both by the
depth and Vs of soil above an impedance contrast as shown in the following site period
estimation equation:
TN = 4H / VS

(4.1)

where TN is the individual site period, H is the depth of the soil layer, and VS is the average shear
wave velocity of the layer. To make visualization and comparison of the measured site periods to
the seismic zonation map simpler, Figure 4.79 contains a bar graph of the measured site periods
for each testing location categorized by zonation along with the accepted ranges of site period by
zone. Sites 17 and 22 did not have discernable HVSR site periods, thus were omitted from the
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figure. In general, the measured site periods agree with the accepted site periods for their
respective seismic zonation, but with a few notable exceptions. In the northern lake, Site 23 has a
site period of 3.38 seconds, but the zonation map has the periods at this location of greater than
3.5 seconds. This area of the lakebed has experienced changes with site periods getting shorter
and thus this difference agrees with previous research by Arroyo et al. (2013), which indicated
site periods were getting shorter with time due to water extraction from the basin. Site 20 on the
edge of the northern lake is in Zone II; however, it has a period of slightly more (1.09 seconds)
than the 1.0 second upper limit for this zone. Site 7 is in Zone IIIa between the lakes with a
period of 0.99 seconds. This difference could be overlooked just based on maximum (1.5
seconds) and minimum (1.0 seconds) zone values; however, the site is about 0.5km away from
the accepted 1.0 second zonation divide. Site 5 in the same area is on the border of Zones II and
IIIa, but its period of 0.92 seconds which would suggest that the 1.0 second zonation line should
be updated. The same can be said of the line between Zones IIIa and IIIb for Site 9, where the
period is 1.60 seconds, but the line running through the site is for 1.5 seconds. The most notable
deviation from the zonation periods is in Zone IIIa in the south lake at Sites 1 and 2, with site
periods of 0.89 and 0.95 seconds respectively, which are both shorter than the Zone IIIa accepted
range of 1.0 to 1.5 seconds. These two deviating sites being close together with similar sit
periods further suggest that the zonation in this area should be updated. Comparing all the site
periods, the average measured site period is 1.25 seconds indicating most of the sites are in the
short period range for the basin.
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Figure 4.76 Labeled site locations along with seismic zonation map. (Background
from Google Earth)
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Figure 4.77 Map of dominant site period contours in Mexico City in 2004 with
seismic zonation shown. Periods for Zone IIIa are generally accepted as between
1.0 and 1.5 seconds and for Zones I and II as less than 1.0 seconds. (Modified from
Mayoral et al. 2019)
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Figure 4.78 Map of testing site periods from HVSR with seismic zonation overlay
and seismic zonation period accepted ranges. (Background from Google Earth)
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Figure 4.79 Comparison of HVSR site periods from each site (Excluding Sites 17
and 22) by zone with total HVSR average, zone HVSR averages, and zonation
period range accepted max. and min. values (shown as black bars)

A box and whisker plot of the site periods from Zones II, IIIa, and IIIb is shown in Figure
4.80. For Zone I, Site 17 did not have a discernable HVSR site period, leaving Site 16 as the only
site in Zone I with a site period. Site 23 was the only site in Zone IIId and thus was omitted from
the plot. For Zone II, the standard deviations are under the 1.0 second accepted maximum for
this range; however, the maximum sample from this zone (Site 20) is well above the 1.0 second
line indicating some deviations from the seismic zonation. For Zone IIIa, the lower standard
deviation line drifts slightly below the 1.0 second minimum accepted site period line for the
zone, indicating that multiple sites are below this accepted zonation limit, including the sample
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minimum from Site 1. All samples in Zone IIIb are between the accepted limits of 1.5 to 2.5
seconds. Overall, this graph again suggests that the line between Zone II and Zone IIIa may need
reexamining and updating.
Using the median Vs profiles, period estimations were developed for each site using
Equation 4.1 and compared to the HVSR site periods. The timed average Vs value above the
major impedance contrast was used in Equation 4.1. Each major impedance contrast shown on
the median Vs profile was tested, and the impedance resulting in the closest period to the HVSR
site period was used. The results of this comparison are shown in Table 4.1. The impedance for
Site 4 was determined to be deeper than the depth of the Vs profile. Sites 17 and 22 did not have
any discernable HVSR site periods, thus no Eq. 4.1 estimation or period comparison was
performed. It was determined that for most sites the transition from the clay layer to the next
layer was not the governing impedance contrast. In fact, using Equation 4.1 the impedance that
controls site periods occurred between 15 and 35m deeper than the clay layer for most sites. At
Sites 11, 19, 21, and 23, the transition from the clay layer was found to be the site period
impedance contrast. At these four sites, the depth to the bottom of the clay layer was greater than
15m. Only at these four of the seven sites where this clay depth was greater than 15m did the
bottom of the clay layer become the governing impedance contrast for site period. At no site
where depth to the bottom of clay was less than 15m did the transition from clay govern site
period. This suggests that the clay layer will govern site period when depth to bottom of clay is
greater than 15m. However at clay depths 15m or less, the bottom of the clay layer is very likely
to not be the governing impedance contrast.
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Figure 4.80 Comparison of site periods for Zones II, IIIa, and IIIb. The middle line
of the boxes are the medians for each zone. The upper and lower lines of the boxes
are the standard deviations for each zone. The whiskers are the maximum and
minimum periods from each zone.
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Table 4.1 Investigation of clay depths, impedance depths, and site periods

Site
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Depth of
Depth of
Governing
Clay (m) Impedance (m)
9
25
10
35
11
33
13
Below Vs Profile
12
39
12
36
11
28
16
44
11
Below Vs Profile
13
30
17
17
13
30
10
23
9
32
9
27
N/A
65
N/A
N/A
19
45
16
16
14
38
23
23
N/A
N/A
37
37
N/A
47
25
38

Depth
Difference (m)
16
25
22
N/A
27
24
17
28
N/A
17
0
17
13
23
18
N/A
N/A
26
0
24
0
N/A
0
N/A
13
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HVSR Site
4H/Vs
Period
Period
Period %
(seconds) (seconds) Difference
0.89
0.78
-14.93%
0.95
0.85
-11.67%
1.26
1.41
10.31%
1.25
N/A
N/A
0.92
0.94
1.63%
1.09
1.14
4.38%
0.99
1.21
18.03%
2.07
2.18
5.32%
1.60
N/A
N/A
1.30
1.26
-2.99%
1.33
1.13
-18.10%
1.32
1.19
-10.66%
0.99
1.03
3.66%
1.09
1.24
12.26%
0.78
0.74
-4.89%
0.73
0.77
4.74%
N/A
N/A
N/A
1.00
1.06
5.20%
0.65
0.67
2.76%
1.09
1.14
4.75%
1.54
1.38
-11.31%
N/A
N/A
N/A
3.38
2.88
-17.25%
0.55
0.67
18.27%
1.88
1.79
-5.12%

Figure 4.81 shows a comparison between the HVSR site period and the Equation 4.1 site
period estimations from the Vs profiles. As expected, the measured and estimated periods are
similar, confirming that the Vs profiles are consistent with the site periods. Percent difference is
noted above in Table 4.1. The difference between the measured and estimated site periods are
within a generally accepted range of approximately 10%.
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Figure 4.81 HVSR site periods vs. estimated site periods from Eq. 4.1 and Vs
profiles with 1:1 guideline

Because the very soft lacustrine clay layer in the Mexico City Basin has a significant
impact on the site response and site period, Figure 4.82 shows a map of the Vs values of the clay
layer for each individual site. Most sites had only one Vs throughout the clay, however some
sites had multiple consecutive clay layers with different Vs values, thus a time averaged Vs value
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was computed as shown in Figure 4.83. All Vs values were rounded to the nearest integer. Figure
4.84 compares each site clay layer Vs to each other by zone and to the total average clay Vs for
all sites. Generally speaking, the Vs of clay layers depend on location. Sites along the outside of
the lakebeds had higher values than those within the lakebeds. Sites between the lakebeds had
slightly higher clay Vs than sites in the southern lakebed. Sites 21 and 25 were on the outer edge
of the lakebed in Zone IIIb but were not as stiff as sites in the transition zone (Seismic Zone II)
but were stiffer than sites in the southern lakebed. The softest sites were sites farther toward the
centers of the lakebeds (Sites 8, 9, and 23) and had clay Vs values ranging between 45 and
50m/s.
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Figure 4.82 Map of testing sites showing clay Vs (m/s) values of the median Vs
profile produced for each site. Seismic zonation is shown as an overlay.
(Background from Google Earth)
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Figure 4.83 Example of time averaged Vs of clay layers.
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Figure 4.84 Comparison of clay Vs for each site by zonation to the total average clay
Vs of all sites (Orange line). Zone II is shown as blue, Zone IIIa is shown as green,
Zone IIIb is shown as yellow, and Zone IIId is shown as red. No sites were tested in
Zone IIIc. Total average is about 63.8m/s.

Sites in Seismic Zone II on the outer rim of the lakebeds with clear clay layers on the
north lakebed (Sites 18, 19, and 20) had relatively stiff clay Vs values between 80m/s and
100m/s, whereas the only site in this zone for the south lake (Site 15) had clay Vs about 69m/s.
However a nearby site just inside Seismic Zone IIIa in the south lakebed (Site 2) had clay Vs
about 87m/s which fits well with sites along the outside rim. This again suggests that Seismic
Zone II should reach past Site 2. For the other six sites in the south lakebed (Sites 1, 3, 10, and
14 in Seismic Zone IIIa and Sites 8 and 9 in Seismic Zone IIIb), Vs of clay layers was
determined to be between about 45m/s and 62m/s. Sites between the lakebeds (Sites 4, 5, 6, 7,
11, and 12 in Seismic Zone IIIa and Site 13 in Seismic Zone II) had Vs of clay layers all near
60m/s with the exception of Site 12 with 69m/s. The two sites in Seismic Zone IIIb in the north
lakebed, Sites 21 and 25, had similar Vs values with about 65m/s and 62m/s respectively. The
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only other site in the north lakebed was in Seismic Zone IIId (Site 23) and had clay Vs about
49m/s. All other sites (Sites 16, 17, 22, and 24) did not have any clear lacustrine clay layers
visible in their Vs profiles.
For sites where clay is present, the time averaged Vs from the surface to the midpoint of
the clay layer is compared to the lowest Rayleigh phase velocity of the Rayleigh wave dispersion
curve (Figure 4.85). Raw dispersion curves and the final dispersion targets for each site are
presented in Appendix A. The lowest velocity on the Rayleigh wave dispersion curves is
representative of the clay layers because the clay is the softest layer in each Vs profile when it is
present. The time averaged Vs to the midpoint was used because it takes into account the
stiffness of the surface layers as well as the depths of surface and clay layers, similar to
140

Lowest Rayleigh Wave Velocity (m/s)

120

100

80

60

40

20

0
0

20

40

60

80

100

120

140

Time Averaged Vs to clay midpoint (m/s)
Figure 4.85 Comparison with 1:1 guideline of time averaged Vs to clay midpoint and
lowest Rayleigh wave velocity on dispersion curves for sites where clay was present.
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dispersion curves. Comparison of the data points in the plot reveal the two velocities are very
similar (i.e., close to the 1:1 line). To fit the dispersion curves, it was necessary for the stiffness
of the clay layers to differ between testing sites. This confirms that differences in the Vs of the
clay layers exist throughout the basin.
In Table 4.2, the depth where the shear wave velocity reaches over 300m/s is tabulated
for each site. This is compared to the depth to the site period impedance contrast at each site to
understand any differences which may exist inside the basin. Sites 16 and 17 have near surface
layers with Vs greater than 300 m/s followed by a lower velocity layer, therefore only the deeper
depth to above 300m/s is listed. At several sites, the transition to Vs>300m/s was the impedance
contrast governing site period (Sites 1, 2, 5, 6, 7, 10, 11, 13, 15, 23, and 25). At multiple other
sites (Sites 14, 20, and 21), this impedance was within 5m of this transition, showing that it could
possibly be the same transition, but a gradual one that the Vs profiles cannot fit exactly with
direct transitions. At only three of the 21 sites where clay layers were present did the site period
impedance contrast occur deeper than 5m below the transition to Vs>300m/s (Sites 4, 9, and 18).
These trends suggest a high likelihood of site period governing impedance to be at or above the
Vs>300m/s layer.
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Table 4.2 Depths to bottom of clay, site period impedance, and Vs>300m/s

Site
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Depth of Clay (m)
9
10
11
13
12
12
11
16
11
13
17
13
10
9
9
N/A
N/A
19
16
14
23
N/A
37
N/A
25

Depth of
Governing
Impedance (m)
25
35
33
Below Vs Profile
39
36
28
44
Below Vs Profile
30
17
30
23
32
27
65
N/A
45
16
38
23
N/A
37
47
38
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Depth to Vs
>300m/s (m)
25
35
41
15
39
36
28
Below Vs Profile
30
30
17
71
23
29
27
21.9
14.2
29
25
42
26
5
37
21
38

Chapter 5: Conclusions
5.1 Overall Conclusions
In this thesis, dynamic site characterization using active and passive surface wave
methods and HVSR were performed at 25 sites within the Mexico City Basin. Vs profiles were
developed for each site using a joint inversion of the HVSR site period and Rayleigh wave
dispersion data from the active source MASW testing and Rayleigh and Love wave dispersion
data from the passive source MAM testing. Using the site periods from HVSR and Vs profiles
from each site overall conclusions about the variation in site period and Vs across the basin are
discussed below.
By examination and comparison of site periods across the basin, multiple sites digress
from the generally accepted seismic zonation site period ranges within the basin. The site period
for Site 23 is shorter than the minimum 3.5 seconds for Zone IIId, which is expected for this area
(Arroyo et al. 2013), but does not fit the current zonation. Site 9 was located on the 1.5 second
period contour line between Zone IIIa and IIIb, but the HVSR site period was 1.60 seconds. Site
periods for Sites 1, 2, 5, 7, and 20 are near the 1.0 second line between Zones II and IIIa, but
deviate from the accepted ranges in their respective zones, suggesting that this line should be
adjusted. The site periods at these sites may have changed since the zonation maps were
developed. These examples suggest that the seismic zonation map should be reexamined and
updated where required.
From comparing the HVSR site periods to estimated site periods from the median Vs
profiles, it was determined that when clay depths are 15m or less, site periods are unlikely to be
governed by the clay. At sites where the depth of clay is greater than 15m, there is a possibility
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(3 of the 7 in this study) that the transition from clay to stiffer soil will be the governing
impedance contrast. At many other sites, the transition to a layer with Vs>300m/s was the
governing site period impedance contrast with only three of the 21 sites where clay was present
having the impedance deeper than 5m below this transition. There is also evidence that the
change to Vs>300m/s is not always a direct change, but a gradual one at some sites.
The shear wave velocities of the clay layers were also examined across the basin. Testing
locations in Zone II showed a trend of clay Vs values generally higher than the other zones. All
but one site in Zone IIIa had clay Vs between 50 and 70m/s. The lone outlier of Zone IIIa in this
aspect was Site 2, which by both clay Vs value and site period was shown to fit better with Zone
II properties. Sites 21 and 25 in Zone IIIb in the north lakebed had clay Vs values of 62 and
65m/s respectively, similar to some sites in seismic Zone IIIa. The softest sites, 8, 9, and 23, all
were located closest to the centers of each lakebed and all had clay Vs<50m/s. Overall, the clay
was softer farther toward the lakebed centers than at the edges. It was shown that this variability
was confirmed based on the comparisons of dispersion curve Rayleigh phase velocities against
the time averaged velocity from the surface to the clay layer at each site. Because these two
values fit well, it confirms that different clay Vs values were required to fit the dispersion data.
5.2 Future Work
It is clear from the multiple site periods deviating from the current seismic zonation map
that more extensive testing of site periods should be completed and compared to the seismic
zonation throughout the basin, particularly on the west edge where this study was performed.
These additional site periods tests combined with site period measurements from this study may
spur adjustments to the seismic zonation map. More detailed and extensive shear wave profiling
should also be completed throughout the basin. From these new site periods and shear wave
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profiles, a prediction model could be developed to predict shear wave velocities based off only
the site periods and location. This could make seismic information much quicker to procure for
individual sites. Eventually, a shallow 3D velocity model of the lakebeds could be developed to
provide both site periods and subsurface information based solely on location.
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Appendix: Site Layouts, Ground View Photos, Dispersion Curves, HVSR Plots, and Vs
Profiles

__________________Site 1__________________

Figure A1 Aerial photograph of Site 1 showing the location of surface wave arrays
(Google Earth)
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Figure A2 Ground view photograph of Site 1 (Photo by author)
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Figure A3 Raw experimental dispersion curves for Site 1

Figure A4 Experimental HVSR curve with theoretical ellipticity from median misfit
< 1.0 Vs Profile for Site 1
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Figure A5 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site 1
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Figure A6 One thousand Vs profiles for Site 1 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 2__________________

Figure A7 Aerial photograph of Site 2 showing the location of surface wave arrays
(Google Earth)
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Figure A8 Ground view photograph of Site 2 (Photo by author)
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Figure A9 Raw experimental dispersion curves for Site 2

Figure A10 Experimental HVSR curve with theoretical ellipticity from median
misfit < 1.0 Vs Profile for Site 2
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Figure A11 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site 2
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Figure A12 One thousand Vs profiles for Site 2 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 3__________________

Figure A13 Aerial photograph of Site 3 showing the location of surface wave arrays
(Google Earth)
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Figure A14 Ground view photograph of Site 3 (Photo by author)

150

Figure A15 Raw experimental dispersion curves for Site 3

Figure A16 Experimental HVSR curve with theoretical ellipticity from median
misfit < 1.0 Vs Profile for Site 3
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Figure A17 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site 3
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Figure A18 One thousand Vs profiles for Site 3 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 4__________________

Figure A19 Aerial photograph of Site 4 showing the location of surface wave arrays
(Google Earth)
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Figure A20 Ground view photograph of Site 4 with MASW array (Photo by author)
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Figure A21 Raw experimental dispersion curves for Site 4

Figure A22 Experimental HVSR curve with theoretical ellipticity from median
misfit < 1.0 Vs Profile for Site 4
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Figure A23 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site 4
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Figure A24 One thousand Vs profiles for Site 4 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 5__________________

Figure A25 Aerial Photograph of Site 5 showing the location of surface wave arrays
(Google Earth)
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Figure A26 Ground view photograph of Site 5 with MASW array (Photo by author)
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Figure A27 Raw experimental dispersion curves for Site 5

Figure A28 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 5
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Figure A29 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site 5
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Figure A30 One thousand Vs profiles for Site 5 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 6__________________

Figure A31 Aerial photograph of Site 6 showing the location of surface wave arrays
(Google Earth)
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Figure A32 Ground view photograph of Site 6 with MASW array (Photo by author)

165

Figure A33 Raw experimental dispersion curves for Site 6

Figure A34 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 6
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Figure A35 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site 6

167

Figure A36 One thousand Vs profiles for Site 6 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 7__________________

Figure A37 Aerial photograph of Site 7 showing the location of surface wave arrays
(Google Earth)
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Figure A38 Ground view photograph of Site 7 with MAM L-array (Photo by
author)
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Figure A39 Raw experimental dispersion curves for Site 7

Figure A40 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 7
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Figure A41 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site 7
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Figure A42 One thousand Vs profiles for Site 7 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 8__________________

Figure A43 Aerial photograph of Site 8 showing the location of surface wave arrays
(Google Earth)
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Figure A44 Ground view photograph of Site 8 (Photo by author)
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Figure A45 Raw experimental dispersion curves for Site 8

Figure A46 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 8
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Figure A47 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site 8
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Figure A48 One thousand Vs profiles for Site 8 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 9__________________

Figure A49 Aerial photograph of Site 9 showing the location of surface wave arrays
(Google Earth)

179

Figure A50 Ground view photograph of Site 9 with MASW array (Photo by author)

180

Figure A51 Raw experimental dispersion curves for Site 9

Figure A52 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 9

181

Figure A53 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site 9

182

Figure A54 One thousand Vs profiles for Site 9 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 10__________________

Figure A55 Aerial photograph of Site 10 showing the location of surface wave
arrays (Google Earth)

184

Figure A56 Ground view photograph of Site 10 with MAM L-array (Photo by
author)
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Figure A57 Raw experimental dispersion curves for Site 10

Figure A58 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 10

186

Figure A59 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site
10

187

Figure A60 One thousand Vs profiles for Site 10 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 11__________________

Figure A61 Aerial photograph of Site 11 showing the location of surface wave
arrays (Google Earth)

189

Figure A62 Ground view photograph of Site 11 with MASW array (Photo by
author)

190

Figure A63 Raw experimental dispersion curves for Site 11

Figure A64 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 11

191

Figure A65 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site
11

192

Figure A66 One thousand profiles for Site 11 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 12__________________

Figure A67 Aerial photograph of Site 12 showing the location of surface wave
arrays (Google Earth)

194

Figure A68 Ground view photograph of Site 12 with MASW array (Photo by
author)

195

Figure A69 Raw experimental dispersion curves for Site 12

Figure A70 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 12

196

Figure A71 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site
12

197

Figure A72 One thousand profiles for Site 12 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 13__________________

Figure A73 Aerial photograph of Site 13 showing the location of surface wave
arrays (Google Earth)

199

Figure A74 Ground view photograph of Site 13 with MAM L-array (Photo by
author)

200

Figure A75 Raw experimental dispersion curves for Site 13

Figure A76 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 13

201

Figure A77 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site
13

202

Figure A78 One thousand profiles for Site 13 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 14__________________

Figure A79 Aerial photograph of Site 14 showing the location of surface wave
arrays (Google Earth)

204

Figure A80 Ground view photograph of Site 14 with MAM L-array on left (Photo
by author)
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Figure A81 Raw experimental dispersion curves for Site 14

Figure A82 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 14

206

Figure A83 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site
14

207

Figure A84 One thousand profiles for Site 14 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 15__________________

Figure A85 Aerial photograph of Site 15 showing the location of surface wave
arrays (Google Earth)

209

Figure A86 Ground view photograph of Site 15 (Photo by author)

210

Figure A87 Raw experimental dispersion curves for Site 15

Figure A88 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 15

211

Figure A89 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site
15

212

Figure A90 One thousand profiles for Site 15 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 16__________________

Figure A91 Aerial photograph of Site 16 showing the location of surface wave
arrays (Google Earth)

214

Figure A92 Ground view photograph of Site 16 with MAM L-array (Photo by
author)

215

Figure A93 Raw experimental dispersion curves for Site 16

Figure A94 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 16

216

Figure A95 Final experimental dispersion curves used for inversion with theoretical
dispersion curve for lowest misfit Vs profile and Vs profile with misfit <1.0 for Site
16

217

Figure A96 One thousand profiles for Site 16 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 17__________________

Figure A97 Aerial photograph of Site 17 showing the location of surface wave
arrays (Google Earth)

219

Figure A98 Ground view photograph of Site 17 with MASW array (Photo by
author)
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Figure A99 Raw experimental dispersion curves for Site 17

Figure A100 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 17
221

Figure A101 Final experimental dispersion curves used for inversion with
theoretical dispersion curve for lowest misfit Vs profile and Vs profile with misfit
<1.0 for Site 17

222

Figure A102 One thousand profiles for Site 17 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 18__________________

Figure A103 Aerial photograph of Site 18 showing the location of surface wave
arrays (Google Earth)

224

Figure A104 Ground view photograph of Site 18 with MAM L-array (Photo by
author)
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Figure A105 Raw experimental dispersion curves for Site 18

Figure A106 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 18

226

Figure A107 Final experimental dispersion curves used for inversion with
theoretical dispersion curve for lowest misfit Vs profile and Vs profile with misfit
<1.0 for Site 18

227

Site Period = 1.00 Seconds

Figure A108 One thousand profiles for Site 18 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 19__________________

Figure A109 Aerial photograph of Site 19 showing the location of surface wave
arrays (Google Earth)

229

Figure A110 Ground view photograph of Site 19 with MAM L-array (Photo by
author)
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Figure A111 Raw experimental dispersion curves for Site 19

Figure A112 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 19
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Figure A113 Final experimental dispersion curves used for inversion with
theoretical dispersion curve for lowest misfit Vs profile and Vs profile with misfit
<1.0 for Site 19
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Figure A114 One thousand profiles for Site 19 representative of all profiles with
0.1misfit less than 1.0 along with their counted median. The dashed lines represent
the counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 20__________________

Figure A115 Aerial Photograph of Site 20 showing the location of surface wave
arrays (Google Earth)

234

Figure A116 Ground view photograph of Site 20 with MASW array (Photo by
author)
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Figure A117 Raw experimental dispersion curves for Site 20

Figure A118 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 20

236

Figure A119 Final experimental dispersion curves used for inversion with
theoretical dispersion curve for lowest misfit Vs profile and Vs profile with misfit
<1.0 for Site 20

237

Site Period = 1.089 Sec

Figure A120 One thousand profiles for Site 20 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 21__________________

Figure A121 Aerial Photograph of Site 21 showing the location of surface wave
arrays (Google Earth)

239

Figure A122 Ground view photograph of Site 21 with MASW array (Photo by
author)
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Figure A123 Raw experimental dispersion curves for Site 21

Figure A124 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 21

241

Figure A125 Final experimental dispersion curves used for inversion with
theoretical dispersion curve for lowest misfit Vs profile and Vs profile with misfit
<1.0 for Site 21

242

Figure A126 One thousand profiles for Site 21 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 22__________________

Figure A127 Aerial Photograph of Site 22 showing the location of surface wave
arrays (Google Earth)

244

Figure A128 Ground view photograph of Site 22 with MASW array (Photo by
author)
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Figure A129 Raw experimental dispersion curves for Site 22

Figure A130 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 22
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Figure A131 Final experimental dispersion curves used for inversion with
theoretical dispersion curve for lowest misfit Vs profile and Vs profile with misfit
<1.0 for Site 22

247

Figure A132 One thousand profiles for Site 22 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 23__________________

Figure A133 Aerial Photograph of Site 23 showing the location of surface wave
arrays (Google Earth)

249

Figure A134 Ground view photograph of Site 23 with MASW array (Photo by
author)

250

Figure A135 Raw experimental dispersion curves for Site 23

Figure A136 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 23
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Figure A137 Final experimental dispersion curves used for inversion with
theoretical dispersion curve for lowest misfit Vs profile and Vs profile with misfit
<1.0 for Site 23

252

Figure A138 One thousand profiles for Site 23 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 24__________________

Figure A139 Aerial Photograph of Site 24 showing the location of surface wave
arrays (Google Earth)

254

Figure A140 Ground view photograph of Site 24 with MASW array (Photo by
author)
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Figure A141 Raw experimental dispersion curves for Site 24

Figure A142 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 24
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Figure A143 Final experimental dispersion curves used for inversion with
theoretical dispersion curve for lowest misfit Vs profile and Vs profile with misfit
<1.0 for Site 24
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Figure A144 One thousand profiles for Site 24 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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__________________Site 25__________________

Figure A145 Aerial Photograph of Site 25 showing the location of surface wave
arrays (Google Earth)

259

Figure A146 Ground view photograph of Site 25 with MASW array (Photo by
author)

260

Figure A147 Raw experimental dispersion curves for Site 25

Figure A148 Experimental HVSR curve with theoretical ellipticity from median
misfit <1.0 Vs Profile for Site 25

261

Figure A149 Final experimental dispersion curves used for inversion with
theoretical dispersion curve for lowest misfit Vs profile and Vs profile with misfit
<1.0 for Site 25

262

Figure A150 One thousand profiles for Site 25 representative of all profiles with
misfit less than 1.0 along with their counted median. The dashed lines represent the
counted 5th and 95th percentile Vs confidence interval for the 1000 profiles.
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